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1 
Abstract 
 
This dissertation deals with the development and characterization of microgel/silica hybrid 
colloids of different complexity based on different derivatives of hyperbranched 
polyalkoxysiloxanes (PAOS) as functional silica precursor polymers. 
Microgels are porous polymeric crosslinked particles which are swollen in a solvent 
like water. Additionally, these soft colloids provide an opportunity to combine different 
functionalities in a confined space. Taking advantage of this, a water based method for the 
formation of microgel/silica hybrid colloids is shown. Here, functional polymer microgels act 
as smart self-catalyzing systems e.g. inducing controlled formation of silica nanoparticles 
inside the polymer network. A water soluble silica precursor polyethyleneglycol (PEG) 
substituted PAOS has been developed to load microgels with silica particles in aqueous 
medium. Furthermore, a controlled in-situ reductive process for the site specific gold 
formation with no additional reducing agent inside microgel network is also presented. This is 
a new phenomenon and not so much work has been reported on it. The catalytic activity of 
these hybrid colloids can be tuned depending on the amount of gold loaded inside the 
microgels. The hybrid particles can easily be isolated after catalysis via centrifugation and re-
used with retention of the catalytic activity. 
The properties of microgels can be tuned based on the type of crosslinker used during 
the synthesis. A series of PAOS containing vinyl and PEG groups (Cross-PAOS) have been 
used as crosslinker for synthesis of degradable microgels with tunable size and temperature 
sensitive properties. 
Cross-PAOS has been further used for coating of hematite nanoparticles with 
simultaneous surface functionalization in a water based chemical approach. At last, the 
preparation of adaptive hybrid capsules with microgel/silica composite walls is described. The 
capsules with controlled size, morphology and shell permeability are fabricated by using the 
combination of Pickering emulsion and sol-gel process at the interface. Responsive microgels 
present in the capsule wall act as transportation channels for different encapsulated 
substances. Similarly, formation of temperature sensitive silica capsules with encapsulated 
wax has also been investigated. 
2 
Zusammenfassung 
 
Die vorliegende Dissertation beschäftigt sich mit der Entwicklung und der Charakterisierung 
von Mikrogel/Silica-Hybridkolloiden unterschiedlicher Komplexität. Die Hybridkolloide 
basieren auf unterschiedlichen Derivaten von hochverzweigtem Polyalkoxysiloxan (PAOS) 
als funktionellem Silica-Precursor-Polymer. 
Mikrogele sind poröse, vernetzte Poylmerpartikel, welche gequollen in einem 
Lösungsmittel, wie Wasser, vorliegen. Hinzu kommt, dass diese weichen Kolloide die 
Möglichkeit bieten verschiedene Funktionalitäten auf einem begrenzten Raum zu 
kombinieren. Diesen Vorteil ausnutzend wird hier eine wässrige Methode zur Herstellung 
hybrider Mikrogel/Silica-Kolloide vorgestellt. Funktionelle Polymer-Mikrogele agieren als 
intelligente selbst-katalysierende Systeme, welche z.B. die kontrollierte Bildung von Silica-
Nanopartikeln im Inneren des Polymernetzwerks induzieren. Ein wasserlöslicher Silica-
Präkursor, ein Polyethylenglykol (PEG)-funktionalisiertes PAOS, wurde entwickelt, um 
Mikrogele mit Silica-Partikeln in wässrigem Medium zu beladen. Außerdem wird ein 
kontrollierter in-situ Reduktionsprozess für die ortspezifische Bildung von Gold im Mikrogel-
Netzwerk vorgestellt, ohne dass ein zusätzliches Reduktionsmittel benötigt wird. Dies ist ein 
neues Phänomen, über das bisher nur wenig berichte wurde. Die katalytische Aktivität dieser 
Hybrid-Kolloide kann abhängig von der Menge an Gold, mit denen sie beladen wurden, 
gesteuert werden. Die Hybrid-Nanopartikel können nach der Katalyse mittels einer Zentrifuge 
abgetrennt und wiederverwendet werden, wobei die katalytische Aktivität erhalten bleibt. 
Die Eigenschaften der Mikrogele können durch den Vernetzer während der Synthese 
eingestellt werden. Eine Reihe von PAOS-Derivaten mit Vinyl- und PEG Gruppen („Cross-
PAOS“) wurde als Vernetzer zur Synthese von abbaubaren Mikrogelen mit einstellbarer 
Größe und thermoresponsiven Eigenschaften verwendet. 
Cross-PAOS wurde weiterhin in einem wässrigen Beschichtungsprozess eingesetzt, in 
welchem Hämatit-Nanopartikel gleichzeitig neben der Beschichtung mit Silica 
oberflächenfunktionalisiert wurden. Zuletzt wird die Herstellung adaptiver Hybrid-Kapseln 
beschrieben, deren Wände aus Mikrogel/Silica-Kompositen bestehen. Zur Herstellung der 
Kapseln, deren Größe, Morphologie und Schalendurchlässigkeit kontrollierbare sind, wird 
eine Pickering Emulsion mit einem Sol-Gel-Prozess an der Grenzfläche kombiniert. 
Responsive Mikrogele, welche in der Wand der Kapseln präsent sind, fungieren als 
Transportkanäle für unterschiedliche verkapselte Substanzen. Ebenso wurde die Herstellung 
temperatursensitiver Silica-Kapseln, in welchen Wachs verkapselt wurde, untersucht.  
3 
1. Introduction 
 
Microgels, porous polymeric crosslinked particles, are emerging functional materials. 
They are also known as smart materials due to their stimuli sensitive properties with respect 
to temperature, pH and ionic strength.
1
 These aqueous polymeric colloids have numerous 
attracting properties such as defined morphology, high porosity and adjustable dimensions 
which offer significant opportunities in various fields.
1,2
 Due to their small size, microgels 
provide high surface area for conjugation and fast response as compared to their bulk 
counterparts. Microgels have also been used in encapsulation technology as they exhibit not 
only high chemical functionality
3
 but also surface-active properties
4
 providing stable 
Pickering emulsion. Because of all the above mentioned properties, these colloidal particles 
have been proved a potential candidate for various cutting edge applications such as catalysis, 
chemical separation and purification, bio-sensors, photonic crystals, optical devices, drug and 
gene delivery, therapeutic purposes, hair care and cosmetics.
1-5 
Colloidal microgels have been widely used as “scaffolds” for loading with a variety of 
nanoparticles as they provide flexible and porous network which does not inhibit free 
diffusion of solubilized components.
2,6
 A range of metal nanoparticles (Au,
7,8
 Ag,
9,10
 Pd,
11
 
Pt
12
), semiconductor particles,
13
 metal oxides,
14-16
 sulphides and other inorganic materials
17-21
 
have been loaded in microgel interiors for various applications.
1
 Silica nanoparticles loaded 
composite microgels have also been reported in the literature as potential candidate for 
catalytic support, emulsion stabilizer and bio-imaging etc.
22-26
 Two different approaches have 
been followed for the controlled deposition of silica inside the microgels: a) polymerization of 
vinyl monomers in the presence of silica sol
26,27
; b) sol-gel process: hydrolysis/condensation 
of tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS) in the microgel dispersion
24,25
. 
Sol-gel process is one of the most extensively studied methods for the fabrication of silica 
nanomaterials. The biggest challenge in this method is to develop silica based nanomaterials 
of different complexity on multiple length scale.
28,29
 The most commonly used silica 
precursors in this method are TEOS and TMOS, which are badly soluble in water and 
therefore, their use is strictly limited to the organic solvents. Water soluble silica precursors 
are generally prepared by modifying TEOS or TMOS with ethylene glycol.
30
 However, 
probably due to too fast hydrolysis their application is limited.
28
 Hence, new methods must be 
sought to improve the processability of silica precursors. Amphiphilic silica precursors, 
whose hydrophilic-hydrophobic balance can be tuned along with potential surface 
functionalization based on the application, are particularly intriguing and promising. 
4 
Recently, hyperbranched polyethoxysiloxane (PEOS) have been developed as a new 
type of silica precursor polymer.
31
 PEOS is an interesting material due to various attractive 
properties such as higher solid content and tailor made properties based on chemical 
modifications.
31,32
 PEOS has plenty of ethoxy groups present on the surface which can be 
easily modified via transesterification reaction.
28
 This provides the possibility of tuning the 
hydrophilicity and functionalization degree of PEOS in order to develop the targeted 
composite colloids. Development of composite colloids with complex architectures on 
different length scale is of increasing interest due to various possible applications ranging 
from catalysis, sensors, diagnostic imaging to actuators. However, their synthesis has been 
challenging due to the compatibility issues between the organic and inorganic components. 
Apart from their individual properties, both microgels and PEOS share various common 
properties including easy synthesis process, potential surface functionalization, and ability to 
form stable dispersion in both water and organic solvents. Therefore the marriage of these two 
inorganic and organic components provides us the opportunity of developing the composite 
colloids with different architectures and functionality for various applications.
 
  
5 
1.1 Aim of the Dissertation 
The aim of this dissertation is to develop and characterize microgel/silica hybrid 
colloids of different complexity based on different derivatives of hyperbranched 
polyalkoxysiloxanes (PAOS) as functional silica precursor polymers. Figure 1.1 shows the 
underlying concept of this thesis. 
 
 
Figure 1.1. Underlying concept of this thesis. Microgel/silica hybrid colloids with different 
architectures. NP = nanoparticle. 
 
The first part of this dissertation focuses on the in-situ formation of inorganic 
nanomaterials by using microgels as autocatalytic templates. Sol-gel processed silica
33
 and 
mesoporous silica prepared via a controllable soft-templating approach
34
 are some typical 
examples among different structures developed in synthetic chemistry for various cutting 
edge applications.
1
 On the other side, a plethora of exquisite silica materials is produced by 
nature. This natural silica is produced under mild physiological conditions including ambient 
temperature and neutral pH. It is clear that the fine control and precision observed in biosilica 
structures is not yet in the present capabilities of human engineering.
1
 Therefore, the 
challenge is to develop environment friendly and benign synthetic routes which are inspired 
by nature. The use of poly(ethylene glycol) modified polyethoxysiloxane (PEG-PEOS) as 
6 
water soluble silica precursor and vinylimidazole functionalized microgels as auto catalytic 
template is expected to be a promising way for silica formation under environment friendly 
conditions. Obtained hybrid microgels will be characterized in terms of morphology, swelling 
degree, silica loading etc. 
Synthesis of gold nanoparticles (Au NPs) with controlled size and shape
35,36
 is one of 
the most extensively researched areas due to various potential applications such as catalysis, 
biomedical, sensors, etc.
2,35,37
 A frequently employed procedure for this purpose is the use of 
strong reducing agents with/without utilizing polymer template. Due to the use of strong 
reducing agents the available choice of chemical functionality in the polymer template is 
limited. Additionally, site-specific preparation of metal nanoparticles inside the polymer 
network in water without the use of reducing agents is a question in synthetic chemistry to be 
addressed. Therefore, multifunctional microgels with localized chemical functionalities have 
been used as nanoreactors to perform chemical conversions under mild conditions which offer 
a new pathway for hybrid colloids formation with site-specific metal deposition. Size and 
swelling behavior of hybrid microgels, their catalytic activity, isolation and re-use should be 
studied in detail. 
The second part of the thesis deals with the development of degradable microgels. 
Often PVCL poly(N-vinylcaprolactam) based microgels are prepared by precipitation 
polymerization using crosslinkers. The choice of crosslinker type used during the microgels 
synthesis step plays an important role in tuning their size and swelling properties. The use of 
polyalkoxysiloxanes as crosslinker is rarely reported in the literature due to their low water 
solubility. Recently developed hyperbranched polyethoxysiloxane provides the possibility of 
adjusting the water solubility and reactivity via chemical functionalization. Hence, they have 
been used as a crosslinker for the synthesis of PVCL microgels with tunable properties. The 
influence of chemical structure of functionalized PEOS on microgel size, size distribution, 
swelling behavior and morphology will be studied. Finally, the degradation process of 
microgels under different pH conditions will be investigated. 
The third part focuses on the development of various hybrid capsules. Sol-gel 
technology using TEOS in organic medium is one of the most common methods to form the 
silica shell around hematite particles. Water glass method has also been developed to perform 
the coating in aqueous medium but it needs precise control of pH.
38,39
 Additionally, in both 
approaches further post modification step is required to functionalize the particle surface.
40
 In 
this case, the use of functionalized polyethoxysiloxanes is a potential route to prepare stable 
7 
silica-coated hematite particles in water with simultaneous surface functionalization avoiding 
the use of stabilizing additives. 
Next, attention has been paid towards the development of particle-based capsules via 
Pickering emulsion. Often silica has been employed for capsule wall formation to improve the 
mechanical properties but it lacks responsiveness. Therefore, the integration of responsive 
microgels in hybrid capsules provides the possibility of tuning the capsule wall permeability 
by acting as channels for the transport of various encapsulated materials. The influences of 
various parameters such as microgel concentration, pH of aqueous phase, reaction time and 
temperature on capsule formation should be studied. The permeability of capsules for the 
release of various encapsulated substances should be investigated. 
Furthermore, switchable wax@silica capsules will be prepared to use them for 
developing remove on demand dental cement. It is expected that the cement will be 
destabilized by local heating of the dental cement over the phase transition temperature of 
wax and the restoration can be removed without any damage on demand. The influence of 
silica precursor concentration on capsule formation and the permeability of capsule wall for 
controlled wax release should be analyzed in detail. 
 
1.2 Scope of the Dissertation 
Chapter 2.1 describes the preparation and characterization of silica nanoparticles loaded 
composite microgels by using poly(ethylene glycol) modified polyethoxysiloxane (PEG-
PEOS) as water soluble silica precursor. Vinylimidazole functionalized microgels have been 
used for simultaneous PEG-PEOS conversion and controlled silica deposition in the 
microgels. Effect of pH on silica formation inside microgels and effect of silica loading on 
size and temperature sensitivity of microgels are shown. 
 
Chapter 2.2 deals with formation of catalytically active gold-polymer microgel hybrids via a 
controlled in-situ reductive process. The colloidal gold nanostructure is selectively formed in 
the core of poly(N-vinylcaprolactam/acetoacetoxyethyl methacrylate/acrylic acid) microgel 
without using any reducing agent. The catalytic activity of these composite microgels, their 
isolation and re-use with retention of performance has been discussed. 
 
Chapter 3.1 focuses on the synthesis of poly(N-vinylcaprolactam) microgels via precipitation 
polymerization using reactive vinyl-functionalized polyalkoxysiloxanes (Cross-PAOS) as 
crosslinker. The size of these temperature sensitive microgels can be tuned by controlling the 
8 
chemical structure of Cross-PAOS. Degradation behavior of these microgels under alkaline 
conditions has been studied. 
 
Chapter 4.1 discusses about a water based chemical approach for the coating of hematite 
nanoparticles with simultaneous surface functionalization using Cross-PAOS. The effect of 
the chemical structure of silica precursor on silica coating of hematite particles in aqueous 
medium has been illustrated. Characterization of these particles with respect to particle size, 
morphology and surface functionality. 
 
Chapter 4.2 reports on the preparation of adaptive hybrid capsules with microgel/silica 
composite walls based on the combination of Pickering emulsion and sol-gel reaction at O/W 
interface. The use of smart microgels allows designing capsules which are able to operate 
both in water and organic solvents. Herein, further formulation strategies to control size, 
morphology and wall permeability are described.  
 
Chapter 4.3 presents a facile approach to encapsulate wax inside silica capsules. Adjustment 
of capsule size, shell structure and permeability by delicately tuning the synthesis parameters 
has been discussed. Investigations on controlled release of encapsulated wax through porous 
shell when triggered by temperature stimulus are shown. 
 
Chapter 5 provides the description for the synthesis of microgels, PEOS, functionalized 
PEOS, hybrid colloids and the measurement conditions of the experimental methods 
employed for their characterization. 
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2.1. Microgel/silica hybrid colloids prepared using a 
water soluble silica precursor 
 
This chapter has been published in a modified form as a full article in G. Agrawal, M. 
Schürings, X. Zhu, A. Pich, Polymer 2012, 53, 1189. 
http://www.sciencedirect.com/science/article/pii/S003238611200078X 
 
2.1.1 Introduction 
In synthetic chemistry silica of different structures has been developed for various 
applications. Typical examples include sol-gel processed silica
1
 and mesoporous silica 
prepared via a controllable soft-templating approach.
2
 Biology, on the other side, produces a 
remarkable diversity of silica structures.
3
 The control of these biosilica structures is far 
beyond the present capabilities of human engineering. For instance, diatoms, radiolarian and 
siliceous sponges use biogenic silica as a structural material to construct skeletons.
4
 In higher 
plants the silica phytoliths (opal phytoliths) are rigid microscopic bodies occurring in the 
cell.
5
 Observation of these exquisite biological silica structures shows that these living 
biological species have developed novel mechanisms for the control of siloxane hydrolysis-
condensation. This natural silica production is done under mild physiological conditions of 
near neutral pH and low temperature with remarkable accuracy which has led to the growing 
demand for benign and flexible industrial synthetic routes that minimize adverse 
environmental effects along with booming interest in biologically inspired silica technology. 
Silicateins are enzymes isolated from sponge biosilica produced by the marine 
demosponge Tethya aurantia.
4
 They self-assemble to form supramolecular axial filaments 
that are wholly occluded within the silica needles. It was shown that the silicatein filaments 
can catalyse the hydrolysis and condensation of silicon alkoxides to produce silica and 
organically substituted silsesquioxane polymer networks at neutral pH, and at the same time 
exhibit a ‘scaffolding’ or structure-directing template-like activity, in which they direct the 
assembly of the polymerized silica to follow the molecular counters of the underlying protein 
filament structures.
6
 It was postulated that the hydroxyl and imidazole groups in the silicateins 
acted cooperatively to accelerate the hydrolysis of the silicon alkoxides at neural pH.
7
 The 
question arises here is how to develop such autocatalytic template in the synthetic chemistry, 
and whether it is possible to design new silica structures using these materials. 
12 
Smart microgels have been widely used as “scaffold” for different nanoparticles 
incorporation. Various hybrid microgels loaded with a variety of metal nanoparticles (Au
8-13
, 
Ag
14-16
, Pd
17
, Pt
18
, and semiconductor particles
19
, metal oxides (Fe3O4
20
 , Fe2O3
21
, ZnO
22
), 
sulphides and other inorganic materials (CdS
23
, CuS
24
, ZnS
25
, CdTe
26
, CaCO3
27
) in their 
interiors have been synthesized. In addition, the aqueous microgel particles can easily be 
functionalized by different reactive groups
28
, polymer chains
29,30
 and proteins
31
. Composite 
microgels containing silica nanoparticles have also been synthesized.
32-36
 Most of them were 
prepared by means of polymerization of vinyl monomers in the presence of silica sol.
30,36
 
Besides, by converting in the microgel dispersion tetraethoxysilane or tetramethoxysilane, 
which are badly soluble in water, silica was deposited into the interior of the microgel 
particles.
34,35 
Tetraalkoxysilanes are the most commonly used silica precursors for sol gel reactions. 
As the use of TEOS is strictly limited to organic solvents, in this study a water soluble silica 
precursor polymer has been used. To achieve this goal, poly(ethoxysiloxane) (PEOS)
37,38
 is 
going to be modified with poly(ethylene glycol) (PEG) monomethyl ether to yield PEG-
PEOS. The conversion of PEG-PEOS in an aqueous dispersion of microgel particles is 
presented. These are Poly(N-vinylcaprolactam) (PVCL) and acetoacetoxyethyl methacrylate 
(AAEM)-based microgels functionalized with vinylimidazole
39
 (VIm) or amine groups, which 
are expected to mimic the structure and function of silicateins. 
 
2.1.2 Results and discussion 
2.1.2.1 Characterization of PEG-PEOS 
 
Figure 2.1.1.
 1
H
 
(a) and 
29
Si (b) NMR spectra of PEG-PEOS; R= poly(ethylene glycol) (PEG) 
monomethyl ether. 
13 
PEOS was synthesized via a catalytic condensation reaction of TEOS with acetic 
anhydride.
37,38
 Afterwards, the ethoxy groups of PEOS were partially replaced by hydrophilic 
PEG units through a transesterification reaction to yield PEG-PEOS. Thin-film evaporation at 
150 °C and 1~2 x 10
-2
 mbar can not only remove the volatile fractions, but also increase the 
transesterification yield. The molar ratio of PEG to ethoxy groups in the product was 
determined to be 0.31 by means of 
1
H NMR spectroscopy (Figure 2.1.1a) by comparing the 
peak intensity of methyl in PEG (3.38 ppm) and ethoxy (1.21 ppm) groups. 
29
Si NMR 
spectrum of the same sample (Figure 2.1.1b) showed the presence of an ignorable amount of 
monomeric species (silicon atoms bearing four alkoxy groups, Q0, -82.0 ppm) in the product. 
The ratio of different silicon atoms (terminal units Q1 (-89.1 ppm), linear units Q2 (-96.8 
ppm), semidendritic units Q3 (-103.7 ppm), and dendritic units Q4 (-110.3ppm)) was found to 
be quite close to that measured for non-modified PEOS after thin-film evaporation
38
 
indicating that the skeletal structure of PEOS was not altered during the modification reaction. 
Silica content from 
1
H and 
29
Si NMR is in agreement with that from gravimetric analysis. 
Combining the 
1
H and 
29
Si NMR data as well as the gravimetric analysis, the brutto formula 
of the product was derived – SiO1.06(OCH2CH3)1.43[O(CH2CH2O)7.14CH3]0.45 that has a silica 
content of 23 wt.-%. Furthermore, the degree of branching calculated from the 
29
Si NMR data 
according to ref. 
40
 was 0.44. The molecular weight of PEG-PEOS was determined by means 
of size exclusion chromatography analysis using evaporative light scattering detector and 
chloroform as eluent. By comparing to polystyrene standards its number-average molecular 
weight (Mn) was estimated to be 2900 g/mol with polydispersity of 1.8. 
 
2.1.2.2 Formation of ultra-small silica nanoparticles from PEG-PEOS 
 
 
Figure 2.1.2. Radius distribution (a) and TEM micrograph (b) of ultrasmall silica 
nanoparticles formed by PEG-PEOS in ammonia water. 
14 
Due to high content of hydrophilic PEG fragments the PEG-PEOS product 
synthesized in this work was completely soluble in water forming a transparent solution, 
which was gelled after being kept at room temperature for several hours. It was most probably 
due to the formation of 3-dimensional silica network at pH 7. Under quasi Stöber conditions, 
i.e. in the presence of ammonia, a transparent solution was formed even at a pretty high 
concentration of PEG-PEOS (e.g. 10 wt.-%), which was stable for at least one year. 
Hydrolysis-condensation of PEG-PEOS under quasi Stöber conditions leads to the formation 
of ultrasmall silica NPs. These silica NPs were characterized by a narrow particle size 
distribution by DLS measurement (Figure 2.1.2a). TEM analysis also showed clearly the 
formation of ultrasmall silica nanoparticles in this solution (Figure 2.1.2b). The particle size 
was in the range of 5-10 nm, much smaller than the size of particles obtained in the classical 
Stöber synthesis.
41 
 
2.1.2.3 Formation of hybrid microgels 
 
 
Scheme 2.1.1. Schematic representation of hybrid microgels preparation. 
 
Hybrid microgels were prepared by mixing aqueous solutions of microgels and PEG-
PEOS and stirring at room temperature (Scheme 2.1.1). Following parameters have been 
varied: a) microgel:PEG-PEOS ratio, b) pH of aqueous phase, and c) microgel type. 
The aqueous PVCL/AAEM/VIm microgel particles used in this work for hybrid 
microgel preparation were copolymers of vinylcaprolactam (VCL) and acetoacetoxyethyl 
15 
methacrylate (AAEM). According to the literature
22,39
, the microgel particles had a 
heterogeneous structure and consisted of a hardly cross-linked AAEM- rich core and a weakly 
cross-linked VCL-rich shell because of the faster consumption of AAEM during precipitation 
polymerization process. The addition of a small fraction of vinylimidazole (VIm) during 
PVCL/AAEM microgel synthesis allows the selective incorporation of VIm units into the 
swollen VCL corona.  
Microgel particles loaded with different amounts of silica were prepared by dissolving 
different amounts of PEG-PEOS in an aqueous solution of the PVCL/AAEM/VIm microgel at 
25 °C and pH 7. The composite microgel particles were isolated using centrifuge and freeze-
dried, and then they were investigated by TGA. Figure 2.1.3 demonstrates TGA curves of 
composite microgels with different silica loading. These curves can be divided into three 
distinct regions. The initial weight loss (region A; T≈100 °C) is due to the evaporation of 
water. The second area (region B; T from 150 to 350 °C) can be related to weight loss due to 
the decomposition of the acrylic groups of microgel network. In region C (from 350 to 500 
°C), the thermal decomposition of the C–C backbone and complete polymer degradation take 
place. The residual mass remaining after heating of the samples to 500 °C can be related to 
the SiO2 nanoparticles, which are not degradable under these conditions. TGA measurements 
clearly indicate the considerable improvement in the amounts of SiO2 nanoparticles in 
obtained composite materials. Residual amounts from TGA for pure microgel and hybrid 
microgels with 5, 10, 15 and 20 wt% SiO2 loadings were 5.50, 9.67, 10.76, 11.15 and 13.88 
wt% respectively. 
 
 
Figure 2.1.3. TGA thermographs of PVCL/AAEM/VIm-silica composite microgels with 
different silica contents. 
The particle size of hybrid microgels with different SiO2 loadings was investigated by 
dynamic light scattering at 25 ⁰C and pH 7. It has been found that incorporation of SiO2 
16 
nanoparticles have quite strong influence on the microgel size (Figure 2.1.4a). The decrease in 
size on silica loading can be described on the basis of the interactions between polymer chains 
and inorganic material through VIm groups which may lead to the decrease of the chain 
mobility. This influences microgel ability to swell freely at lower temperature and results in 
the shrinkage of hybrid particles. With further increase in the loading of silica nanoparticles 
from 5 wt.-% to 20 wt.-% no significant change of microgel size was observed. Similar effect 
has been observed in previous investigations where Ag
16
, polypyrrole
29
, maghemite
42
, and 
ZnS nanoparticles
25
 were incorporated into microgel particles. 
The PVCL/AAEM/VIm microgels are thermo-sensitive with a reversible transition 
taking place at ∼33 °C, i.e. the particles shrink drastically upon heating above this 
temperature.
28,39
 It is believed that the volume-phase transition in such kind of microgels 
occurs as a result of destruction of hydrogen bonds and hydrophobic interactions between the 
polymer chains. The transition temperature of the composite microgels was found to be in the 
same range as the pure microgel (Figure 2.1.4b); this implies that the incorporated silica 
nanoparticles hardly influence the hydrophilic-hydrophobic balance of the microgels. 
However, the incorporation of silica nanoparticles has quite a strong influence on the 
microgel size and the thermal sensitivity characterized by the size difference between the 
swollen (at low temperature) and collapsed (at high temperature) states. As indicated in 
Figure 2.1.4b, the composite microgels demonstrate a gradual loss of thermal sensitivity with 
the increase of silica content. At high temperature, the size of the microgels increases with the 
increase of silica loading, possibly also due to the reduced flexibility of the polymer network 
due to the presence of silica nanoparticles. In addition, agglomeration of the composite 
microgel particles was observed in case of 15 and 20 wt.-% silica contents at temperature 
above 45 °C and 40°C, respectively (Figure 2.1.4b). It is observed that at low temperature the 
composite microgel particles display a decrease in hydrodynamic radius that can be explained 
by the strong interaction between the imidazole groups of the polymer chains and the silica 
particles restricting the chain mobility. This decreases the degree of swelling upon cooling 
(Figure 2.1.4c). 
Figure 2.1.5 shows hydrodynamic radius distribution curves of microgel particles 
loaded with silica nanoparticles. They exhibit a predominant peak corresponding to the 
composite particles indicating successful incorporation of silica nanoparticles into the 
microgel. The PVCL/AAEM/VIm microgels with different amounts of silica were 
characterized by a narrow particle size distribution and superior colloidal stability. 
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Figure 2.1.4. (a) Hydrodynamic radii of hybrid microgels with different SiO2 loadings (25 ⁰C 
and pH 7); (b) Hydrodynamic radii of PVCL/AAEM/VIm-silica microgels versus temperature 
at pH 7; (c) Dependence of swelling degree on silica content. 
 
 
Figure 2.1.5. Hydrodynamic radius distribution of PVCL/AAEM/VIm microgel particles 
loaded with 5 wt.-% (a) and 20 wt.-% (b) silica measured at 25 °C and pH 7. 
 
Presence of basic imidazole units renders pH sensitivity to PVCL/AAEM/VIm 
microgels.
28,39
 Figure 2.1.6 shows the variation of hydrodynamic radius of both original and 
18 
hybrid microgels with respect to the pH value. The original microgel shows the maximum 
size at pH = 4 that corresponds to the maximum ionization pH of the VIm units.
28
 As 
demonstrated in Figure 2.1.6, compsosite microgel particles loaded with silica show a similar 
dependence of hydrodynamic radius on pH value as the original ones. 
 
 
Figure 2.1.6. Hydrodynamic radius of PVCL/AAEM/VIm-silica microgels as a function of 
pH value at 25 °C. 
 
The morphology of the composite microgels was studied by different microscopic 
techniques. Figure 2.1.7 presents TEM images of microgel particles both with and without 
silica particles. It can clearly be seen that the microgel particles are shrunken after water 
removal, while the hybrid particles show a much smaller degree of shrinkage as compared to 
their size in water. Morphology studies by TEM provided useful information on the size and 
volume distribution of silica nanoparticles inside the microgels. In the images of the 
composite microgel samples shown in Figure 2.1.7b-e, the silica nanoparticles with the size 
close to 10 nm are clearly observed as small dark dots in the corona region of the microgel. 
The surface of the silica particles is acidic, so they were mostly infiltered into the VCL-rich 
corona of the microgels, where the basic imidazole groups were located, due to the strong 
acid-base interaction. With the increased silica loading, the composite microgel particles 
became more compact because of the aggregation of the silica particles inside the microgel. 
Free silica particles were also observed at high silica concentration, possibly owing to the 
limited amount of the imidazole groups. 
The effect of pH value was studied on the deposition of silica using PEG-PEOS into 
the PVCL/AAEM/VIm microgel. The neutral medium seems to be optimum for the 
composite formation due to the strongest interaction between the microgel and silica (Figure 
2.1.8). 
19 
 
 
Figure 2.1.7. TEM images of PVCL/AAEM/VIm microgel particles (a) and 
PVCL/AAEM/VIm-silica composite microgel particles with variable silica loading: 5 wt.-% 
(b), 10 wt.-% (c), 15 wt.-% (d), 20 wt.-% (e). 
20 
 
 
Figure 2.1.8. TEM images of composite PVCL/AAEM/VIm-silica microgel particles with 5 
wt.-% silica nanoparticles prepared from PEG-PEOS at different pH values. 
 
21 
The composite microgel particles were spin-coated from the aqueous dispersion onto a 
silicon substrate, and studied using AFM. In this case, silica particles were also observed 
inside the microgel particles (Figure 2.1.9). From the height profiles of the composite 
microgel particles shown in Figure 2.1.9f one can see clearly that the width and height of the 
dried microgel particles increases with the silica content. The increase of the height implies 
the improved shape stability of the particles under gravity force. This is obviously due to the 
reinforcement effect of the silica domains inside the composite microgel particles. 
 
 
  
Figure 2.1.9. AFM images of PVCL/AAEM/VIm microgel particles (a) and 
PVCL/AAEM/VIm-silica composite microgel particles containing 5 wt.-% (b), 10 wt.-% (c), 
15 wt.-% (d) and 20 wt.-% (e) silica; ΔZ = 60°. Inset shows the images of the particles at 
higher resolution with all the scale bars 100 nm. Height profiles of PVCL/AAEM/VIm-silica 
composite microgel particles with different silica loading (f). 
 
Furthermore, another functional microgel system PVCL/NH2 was developed as 
autocatalytic template for controlled silica deposition. Polymer microgels functionalized with 
epoxy groups were synthesized via precipitation copolymerization of N-vinylcaprolactam and 
glycidyl methacrylate in presence of crosslinking agent. The amount of active epoxy groups 
was found to be 80% by dioxane/HCl titration method.
43
 Later on as shown in Scheme 2.1.2 
22 
epoxy groups were reacted with cysteamine to incorporate amino-groups in microgel 
structure. The incorporation efficiency of the functional –NH2 groups inside the microgels 
was found to be 98% of the active epoxy groups by potentiometric titration which 
corresponds to the –NH2 concentration of 4.32*10
-4
 mol/g (Figure 2.1.10).  
PVCL/NH2-SiO2 composite microgels were prepared as described for 
PVCL/AAEM/VIm microgels. Figure 2.1.11 presents TEM images of both pure and hybrid 
microgel particles. Silica nanoparticles close to 10 nm in size can be clearly seen inside the 
microgels. Here, PVCL/NH2 microgels act as autocatalytic template for silica formation due 
to the strong acid-base interaction between silica and –NH2 groups. Series of microgel 
samples with variable silica loading were synthesized to prove the reproducibility of this 
effect. With the increased silica loading, the composite microgel particles became more 
compact because of the aggregation of the silica particles inside the microgels. These 
PVCL/NH2 microgels show the same characteristic properties as described for the composites 
made by imidazole microgels. Further details on this system can be found elsewhere.
44 
 
Scheme 2.1.2.
 
Schematic representation for microgels modification with aminoethanethiol. 
 
 
Figure 2.1.10. Potentiometric titration of PVCL/NH2 microgel. 
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Figure 2.1.11. TEM images of PVCL/NH2 (a); PVCL/NH2-SiO2 5% (b); PVCL/NH2-SiO2 
10% (c); PVCL/NH2-SiO2 15% (d) and PVCL/NH2-SiO2 20% (e) microgel particles. 
 
24 
For comparison, the deposition of silica into PVCL/AAEM microgel particles using 
PEG-PEOS was also investigated. The conversion of PEG-PEOS was carried out at pH 7 in 
the presence as well as in the absence of ammonia. In both cases particles were found not to 
be incorporated in the microgel particles (Figure 2.1.12). At pH 7 particle aggregates of non-
defined shape were formed; in contrast, in ammonic water round unltrasmall silica particles 
with the average size approximately 10 nm were observed outside the microgels. From these 
experimental results we can conclude that the presence of the basic vinyl imidazole or amine 
groups is crucial for the deposition of silica nanoparticles into microgel particles. In future, 
the mechanism describing how the microgel mimics the function of silicateins by silica 
formation, should be investigated. 
 
 
Figure 2.1.12. TEM micrographs of PVCL/AAEM microgels with 5 wt.-% silica 
nanoparticles prepared: (a) without ammonia b) with ammonia water. 
 
2.1.3 Conclusions 
PVCL/AAEM/VIm-SiO2 and PVCL/NH2-SiO2 composite microgels have been 
synthesized by simultaneous PEG-PEOS conversion and silica deposition in the microgels. 
By comparing with PVCL/AAEM microgels imidazole or amine groups in the microgels were 
proven to be responsible not only for the catalysis of PEG-PEOS conversion, but also for the 
deposition of the resulting silica nanoparticles. TEM studies indicate the infiltration of silica 
nanoparticles ( 10 nm) inside the corona region of the microgels due to the strong acid-base 
interaction between the acidic silica and basic imidazole or amine groups. The resulting 
composite particles were found to be colloidally stable and no aggregation was observed even 
25 
after months of storage. The incorporation of silica nanoparticles increased the rigidity of the 
microgel particles and reduced their thermal sensitivity. 
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2.2. Formation of catalytically active gold-polymer 
microgel hybrids via a controlled in-situ reductive 
process 
 
This chapter has been published in a modified form as a full article in G. Agrawal, M. P. 
Schürings, P. V. Rijn, A. Pich, J. Mater. Chem. A 2013, 1, 13244. 
http://pubs.rsc.org/en/content/articlepdf/2013/ta/c3ta12370g 
 
2.2.1 Introduction 
The incorporation of charged functional groups inside the microgels provides: a) 
responsiveness towards pH or ionic strength; b) specific coordination sites and; c) certain 
reactivity.
1
 Previous studies showed that polar- and charged polymers function as excellent 
coordinating ligands as well as reactive species for the preparation of inorganic nanoparticles 
which offer a milder method than the conventionally used reducing agents e.g. NaBH4.
2,3
 
Nanoparticle technology is undergoing enormous developments because of the wide range of 
applications such as catalysis, biomedical, sensors etc.
4,5
 Extensive studies have been 
performed concerning the synthesis of gold nanoparticle (Au NPs) with controlled size and 
shape.
5,6
 One of the most common procedures is the use of reverse micelles in combination 
with chemical or photolytic reduction methods.
5-9
 Au NPs synthesis has also been extended 
towards microgels which have been used as a template creating a polymer-inorganic hybrid 
structure in the presence of strong reducing agents.
10
 Because of the strong reducing agents 
being used for gold formation,
11-15
 they are limited in the type of functionalities within the 
polymer with respect to chemical stability. Also, such approaches provide hybrid structures 
with a random distribution of colloidal nanoparticles inside the microgel structure. Therefore 
development of mild synthetic strategies for the fabrication of hybrid colloids is required 
especially in combination with site-specific deposition of the inorganic material. The 
preparation of site-specific metal nanoparticles or polymer-inorganic hybrids in water without 
the use of reducing agents opens new possibilities for synthesis of colloidal particles directly 
in biological relevant environments which facilitates use for diagnostic or therapeutic 
applications. Some interesting approaches have been developed where different gold 
nanostructures were formed without using strong reducing agents e.g. using hyperbranched 
polyglycidol in water
16
 or anthracene-perylene triad reverse micelles
9
. Here, the organic 
29 
structures provided the stabilization as well as the reducing properties but could not offer the 
template possibilities as observed for microgels.
9
 
Using microgels as reactive templates offer a way to combine different functionalities 
in a confined space depicting a soft colloid which is flexible and porous enough not to inhibit 
free diffusion of solubilized components.
17
 The high local concentration of different 
functionalities together with the responsiveness towards temperature, pH or ionic strength 
makes microgels a nanoreactor which is able to perform chemical conversions under mild 
conditions. Especially, considering that conventionally used reducing agents for colloidal gold 
formation involves NaBH4 which reacts with aldehydes, ketones, imines, thiol esters and 
disulfides. By omitting this reduction step, more complex composite microgel systems can be 
formed where metallic components are present together with additional chemical 
functionalities. Also purification of the system can easily be performed via centrifugation or 
dialysis and by confining the formation of colloidal gold as described here to the core region 
allows for the shell to be used for as binding sites for substrates or for interactions with 
interfaces. 
This study presents a new approach of using poly(N-vinylcaprolactam-co-
acetoacetoxyethyl methacrylate-co-acrylic acid) PVCL/AAEM/AAc microgels (VAA-µgel), 
synthesized via precipitation polymerization, as a “catalyzing”-soft polymeric template for Au 
NP formation in water. The formation of colloidal gold was selectively confined to the core-
region of the microgel. Control over the absolute loading was achieved by the initial amount 
of HAuCl4 added. This mild, simple and reducing agent-free strategy for the synthesis of 
polymer-Au NP hybrid nanostructures at ambient temperature was used to develop a noble 
metal catalyst. The hybrid structure exhibited good catalytic activity towards the reduction of 
p-nitrophenol (4-NP) to p-aminophenol (4-AP) which is of great industrial importance. Not 
only is this reaction used in the preparation of photographic developers, corrosion inhibitors 
and wood-staining agents but 4-AP is also an intermediate structure for several analgesic and 
antipyretic drugs such as paracetamol and phenacetin.
18-21
 The composite structures were 
characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS), 
atomic force microscopy (AFM), thermogravimetric analysis (TGA), UV-Vis spectroscopy 
and x-ray photoelectron spectroscopy (XPS). It was found that the specific chemical nature of 
the microgel is crucial for the formation of stable Au-polymer composites since omitting the 
AAc-comonomer greatly influenced reactivity and overall morphology. 
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2.2.2 Results and discussion 
2.2.2.1 Microgel preparation 
VAA-μgels were prepared via precipitation polymerization (Table 5.3 in chapter 5). 
Significant work has been reported for the copolymerization of VCL with acrylic acid (AAc) 
but not for the preparation of VCL/AAc microgels via precipitation polymerization as VCL 
suffers from hydrolysis under acidic conditions.
22,23
 Recently, Imaz et. al. have reported the 
synthesis of VCL/AAc microgels via an emulsion polymerization procedure.
23
 In present 
work the anionic initiator 2,2’-azobis[N-(2-carboxyethyl)-2-methylpropionamidine] (ACMA) 
was used instead of the cationic initiator 2,2’-azobis(2-methylpropionamidine) 
dihydrochloride (AMPA) which is reported in literature.
24
 The use of the anionic initiator 
prevented coagulation during the particle nucleation step which was observed when the 
cationic initiator was used. The coagulation most likely is caused by complementary 
electrostatic interaction.
25
 Potassium persulfate (KPS) cannot be used as an initiator for VCL 
microgel synthesis, due to the hydrolysis of VCL because of the acidic environment created 
by KPS upon decomposition in water.
23
 The use of ACMA afforded stable colloidal 
dispersions in good yield. According to the literature, the microgel particles have a 
heterogeneous structure and consist of a hardly cross-linked AAEM- rich core and a weakly 
cross-linked VCL-rich shell. This is because of the significantly lower reactivity ratio of VCL 
(0.036) in comparison to AAEM which leads to the faster consumption of AAEM during the 
precipitation polymerization process.
26
 As the acrylic acid is added after some time from the 
start of the reaction, it mainly resides in the corona of the microgels. 
It was expected that because of the presence of acid groups the pH of the aqueous 
phase will influence the dimension of the microgel particles. Figure 2.2.1a shows the 
hydrodynamic radii of different microgel samples as a function of pH. Increase in the pH 
leads to the swelling of microgel particles due to the strong electrostatic repulsion between the 
charged AAc groups. Contrary, the hydrodynamic radius of VA-µgels is not influenced by the 
pH indicating that microgels contain fewer amounts of ionizable groups. Electrophoretic 
mobility measurements have been performed to characterize the influence of pH on the 
particle charge (Figure 2.2.1b). The appearance of the negative charge over the whole pH 
range can be explained by the presence of acrylic acid and the negatively charged initiator 
residues incorporated into the microgel structure during polymerization process. For AAc 
containing sample a gradual decrease of electrophoretic mobility with increase of pH was 
observed because more acid groups are getting deprotonated. The incorporation efficiency of 
acrylic acid inside the microgels was found to be 70% by potentiometric titration (Figure 
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2.2.2). VCL based microgels are thermo-sensitive with a reversible transition taking place at 
33 °C, i.e. the particles collapse upon heating above this temperature.
24
 This volume-phase 
transition temperature in such kinds of microgels depends on the hydrophilic (solvent-
polymer interactions) and hydrophobic (polymer-polymer interactions) balance. Similarly, 
VAA-µgels also display thermo-sensitivity indicative for VCL-based microgels and show a 
gradual change in hydrodynamic radii from 235 nm at 20°C to about 160 nm at 60°C (Figure 
2.2.3). The important observation is that the VAA-µgel displays a gradual transition over a 
broad temperature range. 
 
 
Figure 2.2.1. Variation of hydrodynamic radii (a) and electrophoretic mobility of VAA-µgels 
(b) as a function of pH. 
 
 
Figure 2.2.2. Potentiometric titration of VAA-µgel. 
 
2.2.2.2 Composite microgels 
The gold-polymer hybrid microgels were prepared by mixing aqueous dispersions of 
microgels with different amounts of HAuCl4 and shaking at room temperature (Scheme 
2.2.1). It was found that the microgels exhibit interesting reductive properties towards 
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HAuCl4 which was observed as a color change from yellow to purple, indicating the 
formation of colloidal gold. The formed colloidal gold was selectively found in the core 
region of the microgel and the size of the gold core depends on the HAuCl4/VAA-μgel ratio, 
which was varied between 0.01 and 0.5 (Table 5.7 in chapter 5). The transition temperature of 
the composite microgels was found to be in the same range as the pure microgel; this implies 
that the incorporated gold nanoparticles hardly influence the hydrophilic-hydrophobic balance 
of the microgels (Figure 2.2.3). 
 
 
Figure 2.2.3. Temperature sensitivity of pure and composite microgel particles. 
 
   
Scheme 2.2.1. A schematic representation for the synthesis of hybrid microgels via an in-situ 
reductive approach without the use of any reducing agents; images for the reduction of 
HAuCl4 by VAA-0.01 (a), VAA-0.1 (b) and VAA-0.5 (c) observed by color change. 
 
Although the exact mechanism for the reduction of HAuCl4 inside VAA-µgel is not 
yet known, it is expected that the β-diketone groups of AAEM, which are mainly located in 
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the core of the microgel, create the potential reducing environment provided by electron rich 
oxygen atoms due to keto-enol tautomerization.
26
 Au(III) ions move to the microgel core 
because of the electrostatic interactions followed by reduction, probably similar to the polyol 
solvent process and the hyper-branched polyglycidol process.
7,16
 Template approaches are 
known where reduction is performed by a combination of functional groups provided by 
peptides. These peptides reduce salts to colloidal metal and confine it to protein structures like 
to the inside of protein cages and the surface of modified virus particles, creating bio-metal 
hybrids.
27
 After reaching a critical concentration of confined gold salt, nucleation and growth 
occurs leading to the formation of gold structures. 
The morphology of the gold-polymer hybrid microgels was characterized by TEM and 
AFM. Figure 2.2.4 shows TEM images of microgel particles both with and without gold 
loadings. The microgel diameter is smaller than the one obtained by DLS measurements due 
to shrinkage caused by removal of water during the drying process. The hybrid particles 
appear to become smaller as compared to the pure microgels with increasing gold loading. 
Soft particles have the characteristic behavior of deforming when they come into contact with 
solid substrates and this deformation is reduced by gold incorporation. The height profiles of 
the composite microgel particles displayed in Figure 2.2.4 show that the height of the dried 
microgel particles increases with the increasing gold loading. This is because of the 
reinforcement effect of the gold domains inside the composite colloids which results in 
improved shape stability of the particles. Similar behavior has also been reported for 
microgel/SiO2 hybrid particles.
24 
Shrinkage of microgel particles upon drying and the presence of a dense core inside 
the microgels make it difficult to observe the individual gold particles in TEM. Well-defined 
gold nanoparticles cannot be seen for the gold loaded VAA-μgels but a darkening of the core-
region is clearly visible with increasing gold loading compared to the “empty” microgel. For 
ratio 0.01 (0.1mg HAuCl4 per 10mg of VAA-μgel) (Figure 2.2.4b) a low contrast is observed 
because of the low amount of HAuCl4 used, but with the higher ratios (Figure 2.2.4c/d; 1mg 
HAuCl4 per 10mg (ratio 0.1) and 5mg per 10mg (ratio 0.5) of VAA-μgel) the gold becomes 
clearly visible. With the increased gold loading, the composite microgel particles became 
more compact probably because of the coalescence of the gold particles inside the microgel. It 
is clear from the images that the amount of free gold particles outside the microgels is 
negligible. Even for VAA-μgel-0.5 (Figure 2.2.4d) very few gold nanoparticles were observed 
outside the microgel. 
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Figure 2.2.4. TEM images of VAA-µgel (a); VAA-µgel-0.01 (b); VAA-µgel-0.1 (c) and 
VAA-µgel-0.5 (d). AFM images of VAA-µgel (e, i); VAA-µgel-0.01 (f, j); VAA-µgel-0.1 (g, 
k) and VAA-µgel-0.5 (h, l) before (BP) and after (AP) plasma treatment. AFM height profiles 
of VAA-µgel (m); VAA-µgel-0.01 (n); VAA-µgel-0.1 (o) and VAA-µgel-0.5 (p) before and 
after plasma treatment. Scale bar for all the images in the inset is 100 nm. 
 
To further confirm that the gold structure is indeed in the core and to obtain more 
information on the morphology of the gold structures, AFM measurements were performed in 
combination with O2-plasma treatment for unloaded- and various gold-loaded samples. O2-
plasma allows for the removal of the polymer component while leaving the gold unaffected. 
AFM analysis shows the height of the VAA-μgel particles without gold loading before plasma 
treatment to be about 60 nm and after treating the sample with O2-plasma only negligible 
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residues remain indicating that all polymer is removed (Figure 2.2.4e/i). Figure 2.2.4 f-h/j-l 
displays the loaded microgels before and after O2-plasma treatment analyzed by AFM. The 
important observation is the evolution of the gold core with increasing gold loading, which 
can be seen after plasma treatment. The appearances of clustered gold structures are smaller 
than the overall microgel template, indicating that indeed the gold is formed in the core 
region. When residing in the corona, a ring-like distribution would be expected. In case of 
VAA-μgel-0.01 (Figure 2.2.4j) the gold nanoparticles appear to be loosely arranged inside 
and therefore are slightly scattered. As the loading increases (ratio 0.1 and 0.5), a more 
compact core is observed which is probably due to the coalescence of the small particles into 
a larger denser gold core (Figure 2.2.4k and l). The height of VAA-μgel -0.01, VAA-μgel -0.1 
and VAA-μgel -0.5 microgel particles before plasma treatment is 65, 85 and 110 nm, 
respectively. The height decreases considerably after plasma treatment because of the removal 
of the organic material reducing the height to approximately 6, 15 and 25 nm, respectively 
(Figure 2.2.4n, o and p). The widths of the gold cores are in correlation with the size of the 
microgel core, which supports the information provided by TEM about the incorporation of 
gold inside the core region of the microgels. 
The presence of gold inside the core was further confirmed by XPS (Figure 2.2.5). The 
XPS spectrum of VAA-μgel -0.5 microgel particles after plasma treatment shows a signal for 
gold which is absent for the same sample before plasma treatment. This indicates that the gold 
is not present near the surface of the microgel but deep enough inside the microgel structure 
not to be detected by XPS (penetration depth of XPS is about 10 nm). This supports the TEM 
and AFM observations that gold is indeed located inside the core region of the microgels. 
Additional UV-Vis measurements below and above the volume phase transition temperature 
(VPTT) of the microgel were performed to visualize changes in the plasmon resonance of the 
gold due to changes of the inter-particle distance between the gold nano-clusters. However, 
the initial broad plasmon resonance signal in combination with an increasing scattering 
intensity with increasing temperature hindered any further elucidation of gold cluster 
absorption behavior. At higher temperatures the size of the microgel particles decreases but at 
the same time the refractive index increases because of the increasing density of the polymer 
network which leads to higher scattering intensity. Similar problems arise upon analysis of 
colloidal gold formation over time using UV-Vis measurements. Several effects like changing 
concentration of HAuCl4 with simultaneous colloidal gold formation of different sizes along 
with changing microgel sizes prevent proper analysis of the specific gold nanoparticle 
plasmon absorption as well as the parameters to indicate reduction kinetics.
28 
36 
 
Figure 2.2.5. XPS spectra of VAA-µgel-0.5 before plasma treatment (BP) (a) and after 
plasma treatment (AP) (b). 
 
The confinement of the gold nanostructures to the core-region of the microgel is 
facilitated by coordination of the acrylic acid groups which are present mainly in the corona 
of the microgels. This was shown by selective staining of the carboxylic acid groups using 
uranyl acetate and TEM analysis (Figure 2.2.6a). The acetate of uranyl acetate is exchanged 
for the anionic –COO- groups in the microgel providing a high contrast in the TEM images 
there where the acrylic acid groups reside. The formation of a gold core is unique to the 
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specific microgel composition since in the case of the VCL/AAEM microgel (VA-µgel) 
which was used as a control, also reduction occurs but the process is not well controlled and 
extremely slow compared to the VAA-μgel. Due to the absence of the coordinating acrylic 
acid moieties, probably the rapid diffusion of the reduced metal ions to the outside results into 
a very slow nucleation step. In this case, gold formation took several weeks as observed by 
the color change and finally the metal nanoparticles were found mostly outside the microgels 
(Figure 2.2.6b). The ability of VA-μgels to reduce HAuCl4 strengthens the notion that AAEM 
plays a key role and that acrylic acid facilitates core-confinement of the colloidal gold and 
enables a controlled growth of the gold structures. 
 
 
Figure 2.2.6. TEM image of VAA-µgel showing acrylic acid groups distribution inside the 
microgels stained by uranyl acetate (a), VA-µgel-0.1 showing also the presence of colloidal 
gold but non-specifically localized (b). 
 
The composite microgel particles were dried and investigated by TGA. Figure 2.2.7 
demonstrates the TGA curves of the composite microgels with different gold loading. The 
initial weight loss at T≈100 °C is due to the evaporation of water. Weight loss from 150 to 
400 °C can be related to the decomposition of the acrylic groups of the microgel network. The 
thermal decomposition of the C–C backbone occurs from 400 to 600 °C and complete 
polymer degradation takes place. The residual mass remaining after heating of the samples to 
500 °C can be related to the gold nanoparticles, which are not degradable under these 
conditions. TGA measurements clearly display an increase in the amounts of colloidal gold 
present inside the hybrid microgels. Residual amounts from TGA for the hybrid microgels 
were 1.7, 8.5 and 11.6 wt% for VAA-μgel-0.01, VAA-μgel-0.1 and VAA-μgel-0.5, 
respectively. This regular increase is in good agreement with the increasing height of the gold 
cores as was found by AFM. Although, the absolute loading increases with increasing amount 
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of HAuCl4, the loading efficiency is lowered with increasing HAuCl4 concentration. For the 
lowest amount residual solid content after TGA was 1.7 wt% compared to an initial 1 wt% 
introduced, indicating an efficiency of >100%. The higher amount is most likely due to small 
amounts of other inorganic impurities present in the aqueous system. Higher amounts of 
HAuCl4 namely 10 and 50 wt% result in 8.5 and 11.6 wt% of residual solid content providing 
efficiencies of 85 and 23%, respectively. Larger core-formation requires more HAuCl4 but is 
associated with reduced incorporation efficiency. 
 
 
Figure 2.2.7. TGA curves of the composite microgels with different gold loading. 
 
The hydrodynamic radii of the composite microgels obtained by dynamic light 
scattering (DLS) measurements as a function of the gold content are shown in Figure 2.2.8a. 
One can observe that the overall size of the hybrid colloids decreases with increasing gold 
loading. This is due to the restricted polymer chain dynamics caused by strong coordinating 
interactions between the acrylic acid groups of the polymer chains and gold particles. Similar 
effects have been observed in previous investigations where Ag, polypyrrole, maghemite, and 
ZnS nanoparticles were incorporated into microgel particles.
29
 Figure 2.2.8b shows the 
hydrodynamic radius distribution curves of microgel particles loaded with gold nanoparticles. 
They exhibit a predominant peak with narrow particle size distribution corresponding to the 
composite particles. This indicates successful incorporation of gold nanoparticles into the 
microgel. 
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Figure 2.2.8. Hydrodynamic radii of composite microgels as a function of gold content (a) 
and their hydrodynamic radius distribution curves (b). 
 
2.2.2.3 Catalytic performance 
The formation of the gold core via the in situ auto-reduction process produces a 
colloidal gold structure, which was expected to be stable even though the surface of the gold 
is not completely shielded because of the lack of a capping agent. This would normally be a 
cationic surfactant, a thiol or citrate. Since the gold structures are fixed in a porous polymer 
network, it was anticipated that it is still accessible for catalysis and has a “free” surface 
without pollution with small organic ligands. Here, a catalytic model reaction of converting 4-
NP to 4-AP by sodium borohydride (NaBH4) was used, which only works in the presence of 
colloidal gold or silver (Scheme 2.2.2).
30
 
The conversion can be easily monitored by UV-Vis spectroscopy as the yellow color 
disappears upon conversion. For analysis, a freshly prepared mixture of 4-NP and NaBH4 
with final concentration of 1mM and 10 mM, respectively was used. Without the addition of 
colloidal gold, no conversion was observed (Figure 2.2.9a). Figure 2.2.9b, c and d present the 
UV-Vis spectra of 4-NP conversion as a function of time using the different gold loaded 
microgels. In case of VAA- μgel-0.01 the conversion of 4-NP is very slow and it is not  
 
Scheme 2.2.2. The catalytic model reaction of converting 4-nitrophenol (4-NP) to 4-
aminophenol (4-AP) by sodium borohydride (NaBH4) in the presence of colloidal gold μ-gel 
hybrid. 
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Figure 2.2.9. Reduction of 4-NP over time by unloaded microgels (a), VAA-µgel-0.01 (b), 
VAA-µgel-0.1 (c) and VAA-µgel-0.5 (d). 
 
complete even within 3.5 hrs. Using the microgels with higher loading, VAA-μgel-0.1 and 
VAA-μgel-0.5, a higher activity was observed, showing almost complete conversion of 4-NP 
into 4-AP in 30 and 20 minutes, respectively. Upon the addition of 10μl of the colloidal 
hybrid microgel (VAA-μgel-0.5), the UV-Vis absorption spectra quickly shows the complete 
disappearance of the specific absorption of 4-NP at 405nm indicating the catalytic reduction 
of 4-NP. Upon conversion an absorption peak evolves at 280 nm, which corresponds to 4-AP. 
Figure 2.2.10a displays the conversion of 4-NP as a function of time using the 
different gold loaded microgels. The catalytic performance of VAA-μgel-0.1 towards the 
reduction of 4-NP was investigated for up to 4 consecutive cycles. As seen in Figure 2.2.10b, 
the sample retains its catalytic activity. It was found that the catalytic activity of the hybrid 
colloids is nearly the same till 3 cycles while in the 4
th
 cycle it is slightly reduced which can 
be explained by repeated dilution of the overall reaction mixture by addition of 4-NP solution. 
 
41 
 
Figure 2.2.10. Relative conversion of 4-NP by different samples as a function of time (a); 
catalytic performance of VAA-µgel-0.1 microgels for 4 consecutive cycles (b). 
 
The catalytic activity of the composite microgels remains present not only upon 
addition of new reagents but also after isolating the microgels. The catalyst was isolated after 
4-NP reduction via a filter-centrifugation step over a 100kD MWCO filter with consecutive 
washing to isolate the hybrid microgel. The isolated microgel was re-suspended and then re-
used in a new catalytic experiment. Figure 2.2.11 shows the initial catalytic activity of VAA-
µgel-0.1 hybrid microgels as well as after isolation by centrifugation filtration. It is observed 
that the hybrid colloids are still active even after recovery. A slight reduction in their catalytic 
performance can be attributed to the loss of catalyst during isolation. 
TEM analysis of the hybrids after being used in the catalytic conversion still displayed 
largely the same structure as before the catalytic process, indicating that the structures are 
stable under these reaction conditions. Figure 2.2.12 shows TEM images of the hybrid 
microgels after one catalytic cycle. There is no change in the morphology of VAA-0.01 
microgels and only minor deformation for VAA-0.1 with few free non-coordinated gold 
particles. For VAA-0.5 microgels it was found that there are a large number of gold particles 
present, which are located around the corona region of the microgels. This could be because 
of the heat generation during the exothermic catalytic reaction. As a result some gold 
particles, which were not as strongly bound to the core region of the microgels, are displaced 
to the surface, though still a core structure remains present inside the microgel. 
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Figure 2.2.11. Catalytic performance of VAA-µgel-0.1 hybrid microgels: before separation 
(a); after separation (b); Relative conversion in comparison to the initial catalytic activity (c). 
 
 
Figure 2.2.12. TEM images of VAA-0.01 (a); VAA-0.1 (b) and VAA-0.5 (c) after one 
catalytic cycle. 
 
2.2.3 Conclusions 
The ease of formation of the hybrid microgels with site-specific deposition of the 
inorganic material under mild aqueous conditions without any additional reducing agents 
broadens the use of microgels as reactive nanocontainers. It was found that not only a 
functionality with reducing properties is needed but also those with coordinating capabilities 
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in order to facilitate structure formation. Unexpected reactivity solely by combining specific 
molecular functionalities offers a new range of catalysts for semi-homogenous catalysis. The 
approach offers the potential for expanding it towards other metals like Pd and Pt, which will 
then produce interesting catalysts for other important reactions e.g. cross-coupling- and 
hydrogenation reactions. 
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3.1. Degradable microgels synthesized using reactive 
polyvinylalkoxysiloxanes as crosslinkers 
 
This chapter has been published in a modified form as a full article in G. Agrawal, J. Wang, 
B. Brüster, X. Zhu, M. Möller, A. Pich, Soft Matter 2013, 9, 5380. 
http://pubs.rsc.org/en/content/articlepdf/2013/sm/c3sm50248a 
 
3.1.1 Introduction 
Switchable aqueous polymer based microgels are often prepared by precipitation 
polymerization methods.
1
 Poly(N-isopropylacrylamide) (PNIPAM) and poly(N-
vinylcaprolactam) (PVCL) are the most attractive candidates among temperature-sensitive 
polymers. It has been found that “self-crosslinking” of PNIPAM chains is possible by chain-
transfer reactions, and microgels can hence be prepared without using a crosslinking agent.
2,3
 
In contrast, a crosslinker is necessary for the synthesis of PVCL-based microgels. Various bi- 
or multifunctional monomers can be used as crosslinkers. Examples include N, N’-
methylenebisacrylamide (BIS), ethylene glycol dimethacrylate (EGDMA), butanediol 
diacrylate (BDDA), triethyleneglycol dimethacrylate (TREGDMA), tetraethylene glycol 
dimethacrylate (TEGMA), 1,3-butanediol dimethacrylate (1,3-BDDMA), 1,4-butanediol 
dimethacrylate (1,4-BDDMA), glycerol dimethacrylate (GDMA), pentaerythritol triacrylate 
(PETA) and pentaerythritol propoxylate triacrylate (PEPTA), acrylated α-, β-, γ- 
cyclodextrins.
4-8
 The variation of the crosslinker type used for the synthesis of temperature-
sensitive microgels gives additional possibility to tune their size and swelling properties. 
Attempts have also been made to use a macromolecular crosslinker, 
poly(ethyleneglycol) (PEG) diacrylate for the synthesis of microgels.
9
 Alternatively, 
photocrosslinked microgels were reported by Kuckling et al.
10-12
 Recently Aguirre et al. 
reported synthesis of enzymatically degradable PVCL nanogels with dextran methacrylates as 
crosslinkers.
13
 Loos et al. prepared thermoresponsive hydrogels based on PVCL in which 
silica particles of nanometer dimensions act as physical crosslinks.
14
 Jandt et al. used a 
siloxane coupling agent 3-methacryloxypropyltrimethoxysilane (MPTMS) as the crosslinker 
for the synthesis of PNIPAM microgels.
15,16
 Polysiloxanes were rarely used as crosslinkers 
for the synthesis of microgels due to their low water solubility.  
In this chapter, an approach for the synthesis of degradable thermo-sensitive poly(N-
vinylcaprolactam) microgels via precipitation polymerization using reactive 
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polyvinylalkoxysiloxanes as crosslinker (Cross-PAOS) is presented. These compounds were 
synthesized by co-condensation of vinyltriethoxysilane (VTEOS) and tetraethoxysilane 
(TEOS) followed by transesterification with poly(ethyleneglycol) monomethyl ether (PEG) to 
increase their water solubility. The polymerization reaction was thus accompanied by the sol-
gel reaction of Cross-PAOS. The influence of vinyl and PEG group content in the crosslinkers 
on microgel size, size distribution, swelling behavior and morphology was studied. The 
incorporation of Cross-PAOS into microgels was investigated by Fourier-transform infrared 
(FT-IR), X-ray photoelectron spectroscopy (XPS), electron energy loss spectroscopy (EELS) 
and elemental analysis. Finally, the degradation process of microgels under different pH was 
studied by dynamic light scattering and atomic force microscopy (AFM). 
 
3.1.2. Results and discussion 
3.1.2.1 Characterization of Cross-PAOS 
 
 
Figure 3.1.1.
 1
H
 
(a) and 
29
Si (b) NMR spectra of CP-V15-PEG20. 
 
In present study Cross-PAOS with variable amounts of PEG chains and vinyl groups 
(additional details of synthesis are summarized in Table 5.1, chapter 5) were synthesized. The 
incorporation of PEG chains increases the hydrophilicity of Cross-PAOS, and the content of 
vinyl groups should affect the reactivity of the crosslinking agent. The aim of this study is to 
investigate the influence of the reactivity and hydrophilicity of the crosslinker on the particle 
formation process and microgel properties. The chemical structure of the Cross-PAOS 
molecules was confirmed by NMR. As an example, Figure 3.1.1 shows the 
1
H NMR spectrum 
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of CP-V15-PEG20 where the peak at 1.21 ppm corresponds to the methyl groups and the peak 
at 3.85 ppm to methylene protons of the ethoxy groups attached to the silicon atoms. Methyl 
group protons of poly(ethyleneoxide) monomethyl ether exhibit peak at 3.38 ppm, while 
methylene group protons of each repeating unit exhibit their peak at 3.64 ppm. The peak at 
5.98 ppm corresponds to the protons of the vinyl group. 
The theoretical modification degree calculated from the feeding ratio as well as the 
one obtained from the 
1
H NMR spectra of Cross-PAOS products are shown in Table 3.1.1. 
The experimental data show a reasonable degree of correlation with the theoretically 
predicted values. 
Table 3.1.1. Ratio of various functional groups to total amount of terminal groups present in 
all Cross-PAOS products. 
Sample PEG
theor
 
(mol%) 
PEG
H NMR
 
(mol%) 
Vinyl
theor
 
(mol%) 
Vinyl
H NMR
 
(mol%) 
CP-V15-PEG20 20 19.3 15 15.5 
CP-V20-PEG20 20 16.41 20 22.05 
CP-V30-PEG20 20 14.10 30 31.28 
CP-V15-PEG30 30 30.00 15 14.71 
CP-V15-PEG40 40 38.07 15 14.77 
 
29
Si NMR spectra of the same sample presented in Figure 3.1.1b showed eight groups 
of peaks. These peaks can be assigned (from left to right) to silicon atoms associated with T1 
(bearing two ethoxy groups and one vinyl group, -58.5 ppm), T2 (bearing one ethoxy groups 
and one vinyl group, -66.2 ppm), T3 (bearing only one vinyl group, -74.3 ppm), Q0 (bearing 
four alkoxy groups, -82.1 ppm), Q1 (bearing three alkoxy groups, -89.2 ppm), Q2 (bearing two 
alkoxy groups, -96.8 ppm), Q3 (bearing one alkoxy group, -103.7 ppm), and Q4 (bearing no 
alkoxy groups, -111.8 ppm). The 
29
Si NMR spectra of all other samples show that only end 
groups of PAOS have been modified without altering significantly the basic branched 
polymeric structure. The characterization details from 
29
Si NMR spectroscopy for all Cross-
PAOS samples are summarized in Table 3.1.2. A little bit higher amount of TEOS remaining 
in the sample might be because of insufficient acetic anhydride in the reaction mixture. Table 
3.1.3 indicates that the SiO2 content determined by 
29
Si NMR and gravimetrical analysis is in 
good agreement with the predicted values for all synthesized Cross-PAOS samples. 
Additionally, elemental analysis measurements were performed for all Cross-PAOS products. 
The experimental data presented in Table 3.1.4 also coincide with the theoretical values. 
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Table 3.1.2. Relative contents of different building units of all synthesized Cross-PAOS 
products. 
Sample T1 % T2 % T3 % Qo %  Q1 % Q2 % Q3 % Q4 % DB 
PEOS - - - 0.1 16.3 46.7 33.3 3.4 0.48 
CP-V15-PEG20 2.6 9.7 9.7 5.1 16.2 28.5 24.7 3.1 0.52 
CP-V20-PEG20 0.5 11.8 22.9 10.4 12.6 27.6 13.3 0.9 0.50 
CP-V30-PEG20 1.2 19.2 34.7 13.7 7.4 15.0 7.5 1.2 0.55 
CP-V15-PEG30 0.8 6.8 13.7 5.5 15.2 36.4 16.5 5.0 0.51 
CP-V15-PEG40 1.3 7.5 15.8 7.7 15.9 33.3 16.1 2.3 0.49 
 
Table 3.1.3. SiO2 content in all synthesized Cross-PAOS products. 
Sample Theoretical SiO2 
content (wt%) 
SiO2 content 
calculated from 
NMR (wt%) 
SiO2 content determined 
by gravimetrical analysis 
(wt%) 
PEOS 46 47.6 48.9 
CP-V15-PEG20 26.1 26.5 25.3 
CP-V20-PEG20 26.13 25.95 28.15 
CP-V30-PEG20 29.15 28.80 29.08 
CP-V15-PEG30 19.86 19.90 21.77 
CP-V15-PEG40 16.61 16.63 17.29 
 
Table 3.1.4. Elemental analysis results of Cross-PAOS products used as crosslinkers. 
Sample Elements C H Si 
PEOS Calculated 34 % 7.29 % 21.4 % 
 Measured 33.04 % 7.07 % 23 % 
CP-V15-PEG20 Calculated 42.9% 7.7 % 12.0 % 
 Measured 43.8% 7.8% 11.7 % 
CP-V20-PEG20 Calculated 43.3 % 7.8 % 12.2 % 
 Measured 43.9 % 8.2 % 13.1 % 
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CP-V30-PEG20 Calculated 43.0 %  7.6 % 13.5 % 
 Measured 45.1 % 8.1 % 13.5 % 
CP-V15-PEG30 Calculated 44.7 %  7.9 % 9.2 % 
 Measured 45.5 %  8.3 % 10.1 % 
CP-V15-PEG40 Calculated 46.0 % 8.1 % 7.7 % 
 Measured 46.9 % 8.4 %  8.0 % 
 
3.1.2.2 Behavior of Cross-PAOS in aqueous solution 
Polyalkoxysiloxanes are hydrophobic in nature and their water-solubility is ensured by 
post-modification with PEG chains.
17,18
 It is obvious that the solubility of Cross-PAOS in 
water and aggregation behavior depends on its hydrophilic-hydrophobic balance. This balance 
is highly influenced by the modification degree of Cross-PAOS with vinyl (hydrophobic) and 
PEG (hydrophilic) groups as well as other parameters such as temperature. Dynamic light 
scattering measurements were performed for aqueous solutions of different Cross-PAOS 
samples to address the question of solubility and aggregate formation. The DLS results 
obtained at 25°C (Table 3.1.5) show that the tendency to aggregation of Cross-PAOS in water 
at 25°C decreases as expected with increasing amount of PEG groups or decreasing the vinyl 
content. This is reflected by the decrease of the hydrodynamic radii of the Cross-PAOS 
aggregates with decrease of the vinyl content. The same trend was observed for the Cross-
PAOS samples with increase of the PEG content. In case of CP-V15-PEG40 no scattering 
was detected, indicating that this product is molecularly soluble in water. As mentioned 
before, the increase of vinyl modification of Cross-PAOS reduces its water solubility and 
these Cross-PAOS tend to form aggregates whose size depends on vinyl to PEG ratio and 
varies from 18 nm to 81 nm. Additionally, all Cross-PAOS solutions were investigated at 
70°C at which the microgels are synthesized. An important observation is that the aggregation 
of the Cross-PAOS samples becomes much less pronounced at elevated temperature reflected 
in the smaller size of the aggregates and lower polydispersity index. The aggregation can be 
further reduced by dilution. However, at this stage there is a little knowledge about the 
structure of Cross-PAOS aggregates detected at T=25°C and this needs more detailed 
investigations by TEM. 
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Table 3.1.5. Hydrodynamic radius of aggregates formed by different Cross-PAOS samples in 
water both at 25°C and 70°C (DLS data). 
Cross-PAOS 25°C 70°C 
Rh (nm) PDI Rh (nm) PDI 
CP-V15-PEG20 18 0.5 6 0.2 
CP-V20-PEG20 50 0.004 10 0.1 
CP-V30-PEG20 81 0.4 15 0.12 
CP-V15-PEG30 22 0.4 8 0.09 
CP-V15-PEG40 - - - - 
 
3.1.2.3 Incorporation of Cross-PAOS into microgels 
PVCL microgels were prepared by surfactant-free precipitation polymerization using 
Cross-PAOS as a crosslinker. At polymerization temperature (70°C) water-soluble azo-
initiator decomposed producing cationic free radicals and initiating the polymerization of 
VCL with vinyl group of PEG-modified Cross-PAOS. It is believed that the polymerization 
process in the present system follows the classical mechanism of precipitation polymerization 
proposed for the aqueous microgels. After formation of the primary radicals and fast chain 
growth process, polymer chains reaching a critical chain length precipitated to become 
precursor particles. These precursor particles created nuclei for PVCL growing chains which 
collapsed on the nuclei surface at the polymerization temperature of 70 °C which is far above 
their lower critical solution temperature (LCST) and became additionally crosslinked by silica 
nanoparticle (Si-O-Si bonds) obtained via condensation of Cross-PAOS, where the PEG 
chains were cleaved. The PEG chains were cleaved by hydrolysis/condensation of siloxane 
groups at reaction temperature and later on removed during the dialysis step. It is well known 
that Si-O-C bond is hydrolytically unstable, and can be cleaved by water to form silanol and 
alcohol. This reaction can be facilitated by increasing water solubility of the alkoxysilanes as 
indicated by Husing et al.
19
 To address the extent of PEG hydrolysis FT-IR measurements 
were performed on the silica samples obtained by the hydrolysis of Cross-PAOS samples 
under the conditions of microgel synthesis, i.e. stirring at 70 °C for 5h in water and 
subsequent dialysis. Afterwards, the sample was dried in vacuum oven for 3 hrs and then IR 
was measured. Figure 3.1.2 shows the IR spectra of pure silica, CP-V15-PEG40 and CP-V15-
PEG40-10mol%-hyd (where “hyd” stands for the product obtained after hydrolysis). The 
comparison of all the spectra show that the hydrolysis of Cross-PAOS is almost done and the 
amount of remaining PEG groups is almost negligible. It is clear that nearly all the PEG 
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groups are cleaved during the synthesis and dialysis. Therefore, it was concluded that the PEG 
groups influence the microgel size and morphology only by controlling the aggregation of the 
crosslinker molecules in water during particle formation at the early stages of polymerization 
process, but not by modifying the hydrophilic-hydrophobic balance of the microgels due to 
the incorporation in polymer network. Similar results have also been reported by Gill et al.
20 
The growing PVCL microgel particles were stabilized by steric mechanism and partly by 
electrostatic repulsion provided by charged groups of the cationic initiator. Control 
experiments were performed to synthesize microgels in absence of crosslinking agent or in 
presence of PEG-PAOS without vinyl groups. In both cases no microgel formation was 
observed. 
 
 
Figure 3.1.2. FT-IR spectra of pure silica, CP-V15-PEG40, and CP-V15-PEG40-10mol%-
hyd. 
 
To monitor the chemical structure of the microgels XPS analysis was done. The 
overlay XPS spectra of various samples along with PVCL-BIS are shown in Figure 3.1.3. The 
XPS spectra show the presence of silicon atoms in microgel samples prepared with Cross-
PAOS. Contrary, no Si-signal can be observed in the XPS spectrum of PVCL-BIS microgel. 
It is evident from the high resolution spectrum of C 1s (Figure 3.1.4a) that three peaks were 
fitted and the main peak at 284.78 eV was assigned to the C-C binding energy; the other two 
peaks were assigned to C-N at 285.6 eV and C=O at 287.0 eV in PVCL, respectively. 
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Figure 3.1.3. Overlay XPS spectra of CP-V15-PEG20-5mol% microgel (A), CP-V20-
PEG20-15mol% microgel (B), CP-V30-PEG20-15mol% microgel (C) and PVCL-BIS 
microgel (D). 
 
Figure 3.1.4. High-resolution XPS spectra of C 1s (a), N 1s (b) and Si 2p (c) of CP-V20-
PEG20-15mol% microgel sample. 
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The spectrum of N 1s with a peak at 399.3 eV was symmetrical because there is only one type 
of nitrogen atom in the microgels. The existence of Si in the microgels was observable in 
Figure 3.1.4c because a peak appeared at 102.3 eV, which belongs to the Si 2p. The intensity 
was very low, so it is not possible to fit and distinguish the Si-O and Si-C species. By taking 
the XPS results into consideration, it was concluded that cross-PAOS was successfully 
incorporated into the microgels. 
The incorporation of Cross-PAOS into the microgels has also been proved by FT-IR 
spectroscopy. The FT-IR spectra of Cross-PAOS (CP-V15-PEG20), microgels (CP-V20-
PEG20-15 mol%) and the PVCL-BIS microgels are shown in Figure 3.1.5. The typical amide 
(1640 cm
-1
) peak was evident in both microgel spectra (PVCL-BIS and CP-V20-PEG20-15 
mol%), which is due to the C=O stretch in PVCL chains. The typical siloxane peak at around 
1104 cm
-1 
was visible in IR spectrum of both Cross-PAOS and microgel sample crosslinked 
by Cross-PAOS, which is assigned to Si-O-Si group. This peak was obviously absent in 
PVCL microgels crosslinked by BIS. The presence of this peak can confirm the existence of 
the crosslinker in microgel although this peak was very weak and appeared as a shoulder peak 
due to very low content of the crosslinker in the microgel network. 
 
 
Figure 3.1.5. FT-IR spectra of PVCL-BIS microgels, CP-V20-PEG20-15 mol% microgels 
and CP-V20-PEG20. 
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Electron energy loss spectroscopy (EELS) and solid state 
29
Si NMR were also used to 
confirm the crosslinker incorporation. However, due to very low concentration of crosslinker 
inside the microgels quantitative determination was not possible.  
 
 
 
Figure 3.1.6. AFM images of PVCL-BIS microgel particles before H2 plasma (a), CP-V15-
PEG20-5mol% microgel particles (b); CP-V20-PEG20-10 mol% microgel particles (c), after 
H2 plasma PVCL-BIS microgel (d); CP-V15-PEG20-5mol% microgel (e); CP-V20-PEG20-
10 mol% microgel particles (f). Inset shows the images of the particles at higher resolution 
with all the scale bars 200 nm. 
To further confirm the crosslinker incorporation, AFM measurements were done with 
and without H2 plasma treatment of PVCL microgels crosslinked by BIS and Cross-PAOS. 
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Figure 3.1.6a shows the AFM images of PVCL/BIS microgel particle before H2 plasma 
treatment. The height of these well-defined particles is approximately 100 nm. After treating 
the sample with H2 plasma, only some residues are left which can be seen in Figure 3.1.6d. 
CP-V15-PEG20-5mol% (Figure 3.1.6b) and CP-V20-PEG20-10mol% (Figure 3.1.6c) 
microgel particles are about 50 nm and 60 nm in height respectively before H2 plasma 
treatment. A well-defined inorganic network skeleton based on ultrasmall silica particles with 
height ≈5 nm is found after H2 plasma treatment of CP-V15-PEG20-5mol% microgels giving 
almost 90% reduction in height because of the removal of organic species (Figure 3.1.6e). 
Similarly, CP-V20-PEG20-10mol% microgels are 10 nm in height showing 84% reduction 
(Figure 3.1.6f). The size of the skeleton is in agreement with the size of microgel, which 
supports the information obtained from IR and XPS about crosslinker incorporation inside the 
microgels. 
Finally, elemental analysis of the two selected microgel samples was done to 
determine the element composition (Table 3.1.6). The data of CP-V20-PEG20-15mol% and 
CP-V30-PEG20-15mol% confirm the presence of silicon inside the microgels and are in good 
agreement with the theoretical values calculated from the feed ratio. 
Table 3.1.6. Elemental analysis results of two microgel samples synthesized using Cross-
PAOS 
Sample Elements C H N Si 
CP-V20-PEG20-15mol% Calculated 61.92 % 8.18 % 8.75 % 6.8 % 
 Measured 63.91 % 9.85 % 8.68 % 5.79 % 
CP-V30-PEG20-15mol% Calculated 63.24 % 8.59 % 8.85 % 5.19 % 
 Measured 63.94 % 9.51 % 8.68 % 4.34 % 
 
3.1.2.4 Microgel morphology, size and temperature sensitivity 
Morphologies of the microgels were observed under TEM. According to TEM analysis, 
microgels prepared with Cross-PAOS as crosslinker exhibit spherical shape (Figure 3.1.7) and 
narrow size distribution. It is obvious that microgel particles have spherical structures and 
quite narrow particles size distributions. It is worth noting that the concentrations of vinyl and 
PEG groups in Cross-PAOS have a great influence on the final diameter of the dried microgel 
particles. 
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Figure 3.1.7. TEM images of PVCL microgel particles crosslinked by BIS (a), microgel 
particles by different Cross-PAOS crosslinker; CP-V15-PEG20-5mol% (b), CP-V15-PEG20-
10mol% (c), CP-V15-PEG20-15mol% (d), CP-V20-PEG20-5mol% (e), CP-V20-PEG20-
10mol% (f), CP-V20-PEG20-15mol% (g), CP-V30-PEG20-5mol% (h), CP-V30-PEG20-
10mol% (i), CP-V30-PEG20-15mol% (j). 
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The particle size of microgels synthesized with different Cross-PAOS concentrations 
in water was investigated by dynamic light scattering (DLS). It has been found that the 
crosslinker content has a quite strong influence on the microgel size. Figure 3.1.8a shows the 
variation of the microgel size with crosslinker amount for Cross-PAOS with variable content 
of vinyl groups and lowest PEG content.  
It is believed that these results are sum of the following two factors: 1) tendency to 
form aggregates by Cross-PAOS in water (as described in the section of Cross-PAOS 
solubility) and 2) crosslinking sites provided by vinyl groups. There could be different types 
of possible inter- and intra-crosslinking reactions existing during microgel synthesis. Since 
the Cross-PAOS molecules aggregate in water as shown by DLS measurements and the 
overall concentration of Cross-PAOS in the reaction media is very low, following three types 
of crosslinking are probable: 1) polymerization of vinyl groups of Cross-PAOS in the 
aggregates; 2) intramolecular bridging of vinyl groups of the same Cross-PAOS by a PVCL 
chain and finally, 3) intermolecular bridging of vinyl groups of distinct Cross-PAOS by a 
PVCL chain. It is considered that only the later two reactions contribute to the microgel 
formation, but their role can not be separated. The aggregation of the Cross-PAOS molecules 
plays a pivotal role, since it influences the number of “nuclei” for the microgel formation; 
therefore the discussion here is mainly based on this point. 
The first important observation is that at constant crosslinker concentration the size of 
the microgels decreases with the increase of the vinyl group content in Cross-PAOS. This 
tendency is observed only for the Cross-PAOS with 15 and 20 mol% of vinyl groups. The 
reduction of the microgel size in this case can be explained by higher crosslinking of particles 
provided by increased amount of vinyl groups. Interestingly, the microgels prepared with the 
crosslinker having 30 mol% vinyl groups possess larger dimensions compared to samples 
synthesized with Cross-PAOS with 20 mol% vinyl groups. This effect may be attributed to 
the strongest aggregate formation tendency of CP-V30-PEG20 what leads to a smaller amount 
of nucleation sites during the precipitation polymerization process. As a result, larger 
microgel particles are formed. 
Additionally, Figure 3.1.8a indicates that the hydrodynamic radii of microgels 
prepared with Cross-PAOS having low or medium content of vinyl groups increase along 
with increase of the crosslinker content. In contrary, the Cross-PAOS with the largest amount 
of vinyl groups shows a negligible influence on the microgel size. This can also be explained 
on the basis of bigger precursor particles formation during precipitation polymerization due to 
the enhanced precipitation of formed oligomers. Finally, the microgels with higher amounts 
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of Cross-PAOS exhibited larger particle sizes. Jandt et al. have also reported the same trend 
with increasing 3-methacryloxypropyltrimethoxysilane concentrations in the synthesis of 
PNIPAM microgels.
15
 Opposite behavior was observed when multifunctional water-soluble 
cyclodextrins modified with vinyl groups were used as crosslinking agent for the synthesis of 
PVCL microgels.
8
 In this case the decrease of the microgel size with the increase of the 
crosslinker concentration was observed. Indeed, for the Cross-PAOS with higher PEG 
modification degree completely different behavior can be observed (Figure 3.1.8b). The 
microgel size decreases with the increase of the Cross-PAOS concentration in the reaction 
mixture. In precipitation polymerization the number of the nucleation centers as well as final 
number of polymer particles is strongly influenced by the presence of species able to act as 
stabilizing agents. It is assumed that the PEG chains present in the solution will provide steric 
stabilization for the nuclei during the polymerization process. Accordingly, higher amounts of 
Cross-PAOS with high content of PEG groups should lead to the formation of a larger 
number of nucleation centers, and, therefore, smaller microgel particles should be formed 
(Figure 3.1.8b). 
 
 
Figure 3.1.8. Hydrodynamic radii of microgel particles synthesized by using Cross-PAOS 
samples with varying content of vinyl groups (a) and PEG groups (b) (T= 20 °C ). 
 
The experimental data presented in Figure 3.1.8 indicate that the size of obtained 
microgels is influenced by the chemical structure of the crosslinking agent and concentration 
of the Cross-PAOS in aqueous solution during precipitation polymerization. In this way a 
reasonable correlation was found between hydrophilic/hydrophobic balance of Cross-PAOS 
that influences strongly its water-solubility in aqueous phase and properties of the final 
polymer colloids. Particle size from DLS is larger in comparison with the TEM results. This 
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is because of water evaporation during the drying process which leads to the volume 
shrinkage of the microgels in TEM. 
Additional aspect that is investigated here in detail is thermo-responsive properties of 
microgels. According to the literature PVCL microgels are thermo-sensitive with a reversible 
volume phase transition in water taking place at ∼33°C; i.e., upon heating the particles shrink 
drastically at this temperature.
21,22
 Below this temperature amide groups of VCL interact with 
water molecules by formation of hydrogen bonds and therefore PVCL chains become well 
solvated with water molecules. In this situation polymer-water interactions dominate over 
hydrophobic polymer-polymer interactions. At temperature above volume phase transition 
temperature (VPTT) destruction of hydrogen bonds occurs and hydrophobic interactions 
dominate leading to the particle shrinkage. This process is reversible and has been a scope of 
intensive research in the past decade.
23
 The volume phase transition behavior in microgels is 
very sensitive to the chemical structure of the colloids that determines the 
hydrophilic/hydrophobic balance and the hardness of the polymer network.
24 
In order to investigate thermal sensitivity of PVCL microgels prepared with Cross-
PAOS, the size of the obtained particles has been measured by DLS as a function of 
temperature. The important point here to keep in mind is that PEG is already hydrolyzed and 
gone during the dialysis step (as described earlier). Therefore, the thermo-responsiveness of 
microgels is not directly affected by PEG. In fact, the amount of PEG present in Cross-PAOS 
structure influences aggregation behavior, which is crucial for Cross-PAOS distribution in 
microgels and regulation of cross-linking density. It was found that nearly all synthesized 
microgels exhibit a temperature-sensitive character. Herein the selected experimental data are 
presented to highlight the influence of the Cross-PAOS concentration and amount of PEG 
groups in Cross-PAOS structure on microgel behavior at different temperatures. In Figure 
3.1.9, the experimental results for the microgels prepared with Cross-PAOS exhibiting lowest 
content of vinyl groups (15 mol%) and variable content of grafted PEG chains, are presented. 
Figure 3.1.9a shows that the increasing amount of PEG groups in Cross-PAOS by 
keeping the total crosslinker amount at a constant value reduces the particle size and 
influences their thermal sensitivity. The experimental data indicate that the size of the 
microgels and thermo-responsiveness of the microgels gradually decrease with the increase of 
PEG content in the structure of Cross-PAOS (present during the synthesis step). The reduction 
of the microgel size is due to the better solubility of Cross-PAOS with larger PEG content. 
Due to this effect more nucleation centers are formed in the solution and larger amount of 
microgels of smaller size are formed. At the same time microgels prepared with Cross-PAOS 
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samples having larger PEG content are more densely crosslinked as indicated by the lower 
swelling ratio for sample CP-V15-PEG40-10mol%. In comparison, microgels prepared with 
Cross-PAOS functionalized with lower PEG content exhibit larger swelling degree. This is 
probably due to the reduction of the crosslinking sites and subsequently the decrease of 
crosslinking degree of the microgels caused by the partial aggregation of Cross-PAOS with 
lower PEG content during the synthesis. Microgels prepared with variable amounts of Cross-
PAOS modified with the largest amount of PEG (CP-V15-PEG40) demonstrate gradual 
decrease of the particle size and the loss of the thermo-sensitive properties with increasing 
crosslinker content which is characterized by the broadening of transition region and small 
difference between swollen (low temperatures) and collapsed (high temperatures) state (Figure 
3.1.9b). In case of CP-V15-PEG40-15 mol% microgels lost almost completely their thermal 
sensitivity. As mentioned before, Cross-PAOS with 40% PEG terminal groups is soluble in 
water without forming any aggregates, therefore, the increase of its concentration in the 
microgel synthesis leads to not only more nucleation centers (i.e. smaller microgel size), but 
also a higher cross-linking density in the microgel network. 
 
 
Figure 3.1.9. Effect of increasing PEG groups in Cross-PAOS on thermal sensitivity of 
microgel particles synthesized with 10 mol% crosslinker (a); Temperature sensitivity of 
microgel particles synthesized by using different amounts of CP-V15-PEG40 (b). 
 
3.1.2.5 pH-triggered microgel degradation 
Another interesting property of the microgels prepared with Cross-PAOS is their pH-
triggered degradation in aqueous phase due to the presence of siloxane bonds, which can be 
cleaved in the alkaline media. The degradation behavior of the microgels formed with CP-
V30-PEG20-10mol% microgels has been studied in the whole pH range from 1-12 and 
expressed as the change of hydrodynamic radius (Rh) with time. As a control experiment, the 
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degradation behavior of PVCL microgels prepared with BIS crosslinker has also been 
investigated.  
 
Figure 3.1.10. CP-V30-PEG20-10mol% microgel degradation behavior at different pH as a 
function of hydrodynamic radius with respect to time (a); radius distribution curves at pH 12 
for PVCL-BIS microgels (b) and CP-V30-PEG20-10mol% microgels (c). 
 
It has been found that these microgels undergo fastest degradation at pH 12 (Figure 
3.1.10a). The degradation is quite slower at pH 11 in comparison to pH 12, and little change 
of the microgel size was detected at pH 10. The experimental results show that PVCL-BIS 
microgels are quite stable at pH 12 even after 72 hours of exposure whereas Cross-PAOS 
microgels are almost completely degraded. Figure 3.1.10b shows that the size distribution 
curves for the PVCL-BIS microgel at pH=12 are identical at the beginning of the experiment 
and after 24 hours. Figure 3.1.10c shows size distribution curves measured at pH=12 for the 
microgel sample prepared with 10 mol% of CP-V30-PEG20. It is obvious that as the 
degradation proceeds the size distribution of microgels becomes broader and the final Rh is 15 
nm, which possibly corresponds to the decomposition products mostly based on PVCL 
chains. 
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The degradation of the Si-O-Si bonds in alkaline conditions has been reported in the 
literature. Langston et al. have showed the dissolution of silica impurity from Kaolins.
25
 The 
cleavage of the Si-O-Si bonds in the aqueous NaOH solution in porous zeolite frameworks 
was reported by Groen et al.
26
 This effect has been used to form a mesopores in the nm-size 
range. Benkosski et al. studied the water-assisted crack formation and growth in silane 
coupling agents for hydrolysis of Si-O-Si bond in silanols with water, based on the activation 
energy which is 98.7 kJ/mol .
27, 28
 It was assumed that the presence of NaOH will reduce the 
activation energy and further accelerate the hydrolysis process of Si-O-Si bonds. All above 
mentioned literature results support the degradation behavior of Cross-PAOS-based microgel 
particles in alkaline conditions. Due to the fact that microgels are highly swollen in water, the 
Cross-PAOS crosslink points are fully accessible for water molecules and OH
-
 ions. 
 
 
Figure 3.1.11. AFM images of CP-V30-PEG20-10mol% microgels at pH 12 after 0 hr. (a); 1 
hr. (b); 24 hrs (c). Bottom line represents height profiles of single microgel particle. 
 
The AFM images (Figure 3.1.11) support the phenomenon of microgel particles 
degradation. AFM images indicate two effects: a) reduction of the microgel size and b) 
reduction of the microgel height. After 24 hours (Figure 3.1.11c) almost all microgel particles 
are degraded and only small clusters can be found on the solid support. Both the effects 
support DLS data discussed above and confirm the degradability of microgels synthesized 
with Cross-PAOS. Still the hydrolytic degradation of the microgels occurs at high pH. For 
many potential applications it may be desirable to achieve degradation at lower pH. A 
63 
possible way is using enzymes to accelerate degradation at mild conditions. Schröder et al. 
have reported the presence of recombinant sponge enzymes silicatein and silicase that allow 
the synthesis and degradation of silica under ambient conditions, respectively.
29
 Based on its 
ability to dissolve or to etch silica substrates
30
, silicase could also be used for the degradation 
of microgel particles prepared by using Cross-PAOS. 
 
3.1.3 Conclusions 
PVCL microgels have been prepared via precipitation polymerization using novel 
water-soluble reactive polyvinylalkoxysiloxanes (Cross-PAOS) as crosslinkers. Cross-PAOS 
were synthesized by co-condensation of vinyl-triethoxysilane and tetraethoxysilane followed 
by post-modification with poly(ethyleneglycol) monomethyl ether (PEG). Incorporation of 
Cross-PAOS in microgel was confirmed by FT-IR, XPS, and element analysis. Further, 
microgels were first treated with H2 plasma and then measured by AFM. Well defined silica 
skeletons which were in direct agreement with the size of microgel were found by AFM. 
Experimental results showed that microgels are thermosensitive and their size can be tuned 
depending upon the ratio of vinyl and PEG groups in Cross-PAOS. The size of microgel 
particles increases with increasing vinyl groups in Cross-PAOS while it decreases with 
increasing PEG groups. Additionally, the use of Cross-PAOS allows producing microgels 
whose crosslinking sites can be degraded under alkaline conditions. 
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4.1. Hematite encapsulation by silica in water with 
tunable surface properties using polyalkoxysiloxanes 
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4.1.1 Introduction 
Silica has always been an attractive material to coat different substrates such as gold 
nanoparticles,
1
 quantum dots (QD),
2
 or iron oxide/QD nanocomposites
3
 due to its nontoxic 
nature, optical transparency, chemical modifications possibility, thermal stability and  high 
biocompatibility. Among these materials, iron oxide nanoparticles have always been very 
interesting as they hold promising future for applications in various fields like photovoltaic,
4
 
gas sensors,
5
 photocatalysis,
6
 pigments,
7
 or adsorbents for waste water treatment.
8
 Multi-
functional silica-coatings on hematite nanoparticles are well studied systems.
9-11
 Silica-
coating of these particles is crucial to enhance their dispersibility and stability in different 
media along with increasing biocompatibility and surface chemical functionality. These 
particles with surface functional groups provided by silica coating can be used for binding 
enzymes,
12
 polymers
13,14
 or drugs
15
. The classical method for silica coating on hematite 
particles includes hydrolysis/condensation of most commonly used silica precursor, 
tetraethoxysilane (TEOS), on the surface of the substrate. The use of TEOS limits this process 
to organic media because of its very low water solubility. Another drawback of this procedure 
is the marginal stability of hematite particles causing aggregation which is overcome by the 
use of poly(vinylpyrrolidone) (PVP) as a stabilizing agent.
16,17
 Often, after formation of the 
silica shell the fate of PVP is unknown. It is believed that PVP chains either migrate to the 
newly formed silica surface or become buried in the silica shell. 
A water based technique was also developed for the coating of iron oxide 
nanoparticles, known as water glass method.
18,19
 In this method silicic acid is used as silica 
precursor and the whole coating step demands an accurate adjustment of pH to control the 
condensation of silica on the surface. However, in both methods, obtained silica-coating 
provides only hydroxyl groups and post-modification is necessary to introduce reactive 
groups to the particles surface. The question which arises here is: would it be possible to 
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prepare functional, stable silica-coated hematite particles in water without the use of any 
organic solvents and stabilizing additives like surfactants or polymers? Could other water 
soluble functional silica precursor be developed for coating with simultaneous integration of 
various functional groups?  
This chapter explores the possibility of using hyperbranched polyethoxysiloxanes 
(PEOS) as potential silica precursors for coating hematite particles in water. As described 
earlier PEOS has plenty of surface ethoxy groups which can be chemically modified.
20,21
 For 
example, diol or polyol-modification of PEOS provides water solubility and biocompatibility, 
making them a substitute for commonly applied TEOS.
22,23
 In this work, PEG-PEOS is going 
to be used as a water-soluble silica precursor to coat hematite particles with silica. Therefore, 
avoiding the use of organic solvent which is employed in the classical methods where TEOS 
acts as a silica source. This work involves the water-based chemical approach that allows in a 
one-step reaction: a) reproducible synthesis of monodisperse silica-coated functional hematite 
particles and b) simultaneous functionalization of the silica shell with functional groups using 
various reactive water soluble polyalkoxysiloxanes without use of additional solvents, 
surfactants, or polymers like PVP. This approach developed a simple coating method with 
reduced synthetic steps. The results showed that a uniform silica shell can be applied to the 
surface whereupon the shell thickness can be tuned and vinyl groups can also be immobilized 
on the surface in the same coating step. 
 
4.1.2. Results and discussion 
4.1.2.1 Characterization of silica-coated α-Fe2O3 nanoparticles prepared by using PEG-
PEOS (Fe2O3@SiO2) 
Hematite nanoparticles obtained with two different morphologies were synthesized by 
an aqueous precipitation method (detailed synthetic conditions can be found in the section 
5.5, chapter 5). In this work, two types of hematite particles were used: a) spherical (α-Fe2O3-
sp) and b) ellipsoidal (α-Fe2O3-el). The morphology and size of these nanoparticles were 
analyzed by using TEM (Figure 4.1.1a and 4.1.1b). Mean particle sizes were determined by 
averaging sizes of minimum 80-100 particles. Ellipsoidal particles without any silica coating 
have a longitudinal axis of 134 nm and a transverse axis of 53 nm with the aspect ratio of 2.5 
(Table 4.1.1). Pure spherical hematite particles have an average radius of 36 nm (Table 4.1.2). 
TEM images show that the particles are very monodisperse and do not show a high tendency 
towards agglomeration. Further details on pure hematite particles can be found elsewhere.24 
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Figure 4.1.1. TEM images of ellipsoidal (α-Fe2O3-el) (a) and; spherical (α-Fe2O3-sp) (b) 
hematite nanoparticles. 
 
 
Scheme 4.1.1. Formation of spherical or ellipsoidal hematite particles depending on reaction 
conditions followed by silica coating with PEG-PEOS or Cross-PAOS as silica precursors. 
 
Both spherical and ellipsoidal particles were coated with silica shell by using PEG-
PEOS as a water soluble silica precursor in basic medium (Scheme 4.1.1). To grow silica shell 
exclusively on hematite nanoparticles polyalkoxysiloxane was added drop-wise keeping the 
overall concentration of silica precursor quite low in the solution. It is to be noted that the 
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abbreviation of the samples name indicates the type of hematite particle used for coating. The 
amount of PEG-PEOS used is designated as PP. The number at the end of the abbreviation 
presents the number of coating step. For example, sample Fe2O3-sp-0.4PP-1 was prepared by 
coating spherical hematite particles using 0.4 mL of PEG-PEOS in the first coating step. 
Morphology, size of coated nanoparticles and silica shell thickness were investigated 
by using TEM. High difference in contrast between hematite core (dark greyish black) and 
silica coating (bright grey) provided the possibility of measuring the silica shell thickness on 
hematite particles. By using this method it is possible to investigate the development of silica 
shell with each coating step. A uniform coating irrespective to particle size and morphology 
and a growth of about 2- 5 nm shell thickness per coating step were observed. Figure 4.1.2 
shows the development of silica shell on ellipsoidal hematite particles per coating step for 
different PEG-PEOS concentration. Figure 4.1.2a-c displays the sample series prepared by 
0.4 mL PEG-PEOS addition for three coating steps. Formation of silica shell was seen right 
after the first coating (Figure 4.1.2a). Well defined silica coatings with increasing shell 
thickness can be observed with second (Figure 4.1.2b) and third (Figure 4.1.2c) rounds. 
Figures 4.1.2d-f and 4.1.2g,h present the TEM images of the ellipsoidal sample series 
prepared with 0.6 mL and 0.8 mL PEG-PEOS addition per coating step respectively. It was 
observed that in all samples of ellipsoidal particles, silica coating is formed on the particle 
surface. It can be seen that almost no free silica particles are formed in case of 0.4 and 0.6 mL 
PEG-PEOS addition. On the other hand, in case of Fe2O3-el-0.8PP-1 and Fe2O3-el-0.8PP-2 
formation of free secondary silica particle was observed along with desired core-shell 
particles. This could be because of comparatively higher amounts of silica precursor in 
solution which leads to secondary nucleation in continuous medium along with the nucleation 
occurring on hematite particle surface. No third coating step could be performed in this case 
because of sample gelation, most probably caused by three dimensional silica networks 
formation. To avoid free silica particles and thus gelling of the mixture, the lowest possible 
PAOS amounts were added at a single time and also the samples were washed several times 
after each coating step.  
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Figure 4.1.2. TEM images of silica coated hybrid hematite nanoparticles: Fe2O3-el-0.4PP-1 
(a); Fe2O3-el-0.4PP-2 (b); Fe2O3-el-0.4PP-3 (c); Fe2O3-el-0.6PP-1 (d); Fe2O3-el-0.6PP-2 (e); 
Fe2O3-el-0.6PP-3 (f); Fe2O3-el-0.8PP-1 (g); Fe2O3-el-0.8PP-2 (h). 
 
Figure 4.1.3a-c displays the spherical silica particles coated with 0.4 mL PEG-PEOS 
in each coating level. A complete uniform silica shell formation can be seen with no 
secondary free silica particles formation in this case. Coatings with 0.6 mL silica precursor are 
presented in Figure 4.1.3d-f. Formation of free silica particles can be clearly observed in this 
case for second and third coating. All the samples prepared with 0.8 mL PEG-PEOS did not 
remain as homogeneous dispersions and formed gel like precipitate. Therefore, these samples 
could not be investigated further. 
 
70 
 
Figure 4.1.3. TEM images of silica coated hybrid hematite nanoparticles: Fe2O3-sp-0.4PP-1 
(a); Fe2O3-sp-0.4PP-2 (b); Fe2O3-sp-0.4PP-3 (c); Fe2O3-sp-0.6PP-1 (d); Fe2O3-sp-0.6PP-2 (e); 
Fe2O3-sp-0.6PP-3 (f). 
 
Additionally, thickness of the silica shell was determined using the ImageJ® software 
on TEM images. The silica shell thickness of all samples was measured for at least 50 
different particles and the mean values and errors were determined. The following two tables 
show the differences in silica shell thickness with different coating steps for both ellipsoidal 
and spherical samples (Table 4.1.1 & 4.1.2 respectively). In the case of silica coating on 
ellipsoidal hematite nanoparticles, layer thickness increased with each coating step. Therefore, 
it can be concluded that the silica shell thickness can be controlled by number of coating steps 
performed on hematite particles. The final shell thickness obtained after three coatings was 
upto 11 nm in case of 0.4 mL PEG-PEOS addition. Although varied amounts of PEG-PEOS 
were used for coating but not so much difference was observed in silica shell thickness. In 
fact silica layer was slightly thinner in case of 0.6 and 0.8 PEG-PEOS. This could be probably 
because of the controlled hydrolysis/condensation of silica precursor at lower concentration 
occurring exclusively on particles. In case of higher concentration there might be secondary 
free particle formation which reduced the final amount of silica getting immobilized to 
hematite particle surface. 
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Table 4.1.1. Characteristic properties of ellipsoidal particles coated with PEOS-PEG; 
longitudinal axis (LTEM) and transverse axis (TTEM) measured by TEM, thickness of silica layer 
(STTEM). 
Sample LTEM, [nm] TTEM, [nm] STTEM, [nm] 
α-Fe2O3-el 134 53 - 
Fe2O3-el-0.4PP-1 144 63 5 ± 1 
Fe2O3-el-0.4PP-2 155 74 10 ± 1 
Fe2O3-el-0.4PP-3 156 75 11 ± 1 
Fe2O3-el-0.6PP-1 144 63 5 ± 1 
Fe2O3-el-0.6PP-2 148 67 7 ± 1 
Fe2O3-el-0.6PP-3 150 69 8 ± 1 
Fe2O3-el-0.8PP-1 146 65 6 ± 1 
Fe2O3-el-0.8PP-2 148 67 7 ± 1 
 
Table 4.1.2. Characteristic properties of spherical particles coated with PEOS-PEG; particle 
diameter obtained by TEM (DTEM) and thickness of silica layer (STTEM). 
Sample DTEM, [nm] STTEM, [nm] 
α-Fe2O3-sp 72 - 
Fe2O3-sp-0.4PP-1 77 3 ± 1 
Fe2O3-sp-0.4PP-2 84 6 ± 1 
Fe2O3-sp-0.4PP-3 94 11 ± 1 
Fe2O3-sp-0.6PP-1 83 5 ± 1 
Fe2O3-sp-0.6PP-2 86 7 ± 1 
Fe2O3-sp-0.6PP-3 94 11 ± 1 
 
Similar behavior was observed in case of spherical hematite nanoparticles coated with 
silica. Here, the maximum layer thickness obtained was also 11 nm. The errors for shell 
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thickness measurements were very low which suggests that the hematite nanoparticles were 
homogeneously coated with silica. The results presented here allowed concluding that both 
spherical and ellipsoidal particles have same response towards silica coating. 
Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy 
(XPS) and zeta potential measurements were performed to verify the successful surface 
modification of hematite nanoparticles based on the changes in surface properties detected by 
these methods. In FTIR experiments characteristic signals for hematite can be found at 584 
and 482 cm-1 (Figure 4.1.4) known to be in compliance to other studies.25 In comparison to 
unmodified particles, FTIR spectrum for silica-coated particles shows additional peaks with 
respect to the modifying compound. α-Fe2O3-sp@SiO2 hybrid sample shows significant 
vibrational absorption of the asymmetric Si-O-Si vibration in the region between 1305 cm-1 
and 1003 cm-1. Another characteristic signal can be attributed to the -Si-OH vibration at 931 
cm-1.26,27 
 
 
Figure 4.1.4. IR spectra of pure hematite particles α-Fe2O3-sp (black) and silica-coated 
hematite particles Fe2O3-sp@SiO2 (red). 
 
The average zeta potentials for uncoated and silica coated hematite particles were 
measured at neutral pH in deionized water. The hematite nanoparticles have a positive zeta 
potential (+2.09 mV for Fe2O3-sp) at neutral pH while Fe2O3@SiO2 core-shell nanoparticles 
have negative zeta potential (-27.4 mV for Fe2O3-sp-0.4PP-3 and -30.2 for Fe2O3-sp-0.6PP-3). 
In the case of hematite particles the surface is protonated thereby having positive zeta 
potentials. On the other hand, coated hybrid particles show negative zeta potential which 
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resembles to the characteristic property of silica surfaces.28-30 Silica surface has –Si-OH 
groups which are deprotonated to –Si-O- and negative zeta potential is obtained. Fe2O3@SiO2 
core-shell nanoparticles also showed negative zeta potential confirming the successful silica 
coating. 
Further information concerning the surface modification can be obtained by pH 
dependent zeta potential measurements (Figure 4.1.5). Hematite particles show a positive zeta 
potential in pH range between 3 and 7 and negative values between 7 and 11. The isoelectric 
point for these uncoated particles is around pH 7.28 On the other hand, the surface charge of 
hybrid particles is strongly negative even for acidic pH range, thereby once again proving the 
successful silica coating. Table 4.1.3 summarizes the results of pH dependent zeta potential 
measurements. 
 
 
Figure 4.1.5. pH-dependent zeta potential measurements for α-Fe2O3-sp (black), silica-coated 
Fe2O3-sp-0.4PP-3 (red). 
 
Table 4.1.3. Zeta potential values for α-Fe2O3-sp and Fe2O3-sp-0.4PP-3 as a function of pH. 
pH α-Fe2O3-sp 
ζ , [mV] 
Fe2O3-sp-0.4PP-3 
ζ , [mV] 
3 27.8 -9.98 
5 28.9 -25.8 
7 2.09 -27.4 
9 -25.9 -45.2 
11 -30.1 -52.4 
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Figure 4.1.6. XPS spectra of α-Fe2O3-sp nanoparticles (a); Fe2O3-sp-0.4PP-3 (b). 
 
XPS measurements were performed to show the changes in surface chemical 
composition of pure and composite particles. Figure 4.1.6a displays the XPS spectrum of pure 
α-Fe2O3-sp nanoparticles. The signals for Fe 2p and O 1s can be seen clearly in the spectrum 
which is characteristic of hematite nanoparticles. The presence of carbon and fluorine signal 
could be because of the adsorption of some impurity from the atmosphere on the large surface 
area provided by the nanoparticles. XPS spectrum for Fe2O3-sp-0.4PP-3 has been shown in 
Figure 4.1.6b. The appearance of Si 2p signal in this case reconfirms that the silica coating 
75 
was successful. Higher intensity of O 1s signal and almost complete supression of Fe 2p 
signal can be noticed which is due to the presence of silica shell. As observed in TEM images, 
the thickness of silica layer is almost 10 nm which is at the critical penetrating depth of XPS. 
Therefore, it should eliminate the presence of Fe 2p signal. But, there might be slight 
variation in silica layer thickness at different places which results into a very weak Fe 2p 
signal. 
 
4.1.2.2 Characterization of silica-coated α-Fe2O3 nanoparticles prepared by using Cross-
PAOS (Fe2O3@SiO2-V) 
In this part of the chapter spherical hematite nanoparticles (DTEM =60 nm) were coated 
with different Cross-PAOS silica precursors having both vinyl and PEG groups in their 
chemical structure (Scheme 4.1.1). This idea deals with the silica coating formation in 
aqueous medium with simultaneous immobilization of functional groups in silica layer. As 
described earlier in chapter 3.1, the solubility of Cross-PAOS in water and aggregation 
behavior depends on its hydrophilic-hydrophobic balance which is highly influenced by the 
modification degree of Cross-PAOS with vinyl (hydrophobic) and PEG (hydrophilic) groups. 
Therefore it is expected that this hydrophilic-hydrophobic balance of various Cross-PAOS 
samples will influence their ability to coat the hematite nanoparticles. It is to be noted that all 
the samples described in this section were prepared by using 0.6 mL Cross-PAOS silica 
precursor per coating step. 
At first, the effect of vinyl and PEG ratio in Cross-PAOS samples on silica coating of 
hematite particles was investigated. Figure 4.1.7 presents TEM images of silica coated 
hematite particles prepared by using Cross-PAOS having variable vinyl content at constant 
PEG ratio. It is known from previous work in chapter 3.1 that with increasing amount of vinyl 
groups in Cross-PAOS, hydrophobicity increases and hence improper silica coatings was 
expected. The same can be realized here from TEM images that as the vinyl content increases, 
the silica coating formation becomes more restricted. The coating with CP-V15-PEG20 
exhibits a clear silica layer formation in TEM (Figure 4.1.7a,b). Hematite particles coated 
with CP-V20-PEG20 show silica layer formation along with secondary free silica particles 
(Figure 4.1.7 c,d). In both the cases, hematite dispersions became unstable with third coating 
step and no further investigations could be done. When the hematite particles are coated with 
the most hydrophobic CP-V30-PEG20 among all Cross-PAOS samples, no clear silica shell 
formation is observed (Figure 4.1.7 e). Once again gel like precipitate was formed right from 
the second coating for this sample and further investigation was not possible. The results 
presented here allowed concluding that for successful silica coating in aqueous medium, the  
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Figure 4.1.7. TEM images of pure hematite nanoparticles α-Fe2O3-sp and silica coated hybrid 
hematite nanoparticles: α-Fe2O3-sp (a); Fe2O3-sp-CP-V15-PEG20-1 (b); Fe2O3-sp-CP-V15-
PEG20-2 (c); Fe2O3-sp-CP-V20-PEG20-1 (d); Fe2O3-sp-CP-V20-PEG20-2 (e); Fe2O3-sp-CP-
V30-PEG20-1 (f). 
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silica precursor has to be sufficiently soluble in water. As expected, the silica coating works 
better as the amount of PEG content increases in the chemical structure of Cross-PAOS 
(Figure 4.1.8). It was also found that the amount of secondary free silica particles reduces 
with increasing PEG fraction. 
 
 
Figure 4.1.8. TEM images of silica coated hybrid hematite nanoparticles: Fe2O3-sp-CP-V15-
PEG30-1 (a); Fe2O3-sp-CP-V15-PEG30-2 (b); Fe2O3-sp-CP-V15-PEG40-1 (c); Fe2O3-sp-CP-
V15-PEG40-2 (d). 
 
The thickness of the SiO2 shell was determined by using TEM images, wherever 
possible. An exact determination of shell thickness was not possible because the silica shell 
formed here were very thin. This is probably because of the higher tendency of comparatively 
hydrophobic Cross-PAOS to form free silica aggregate in solution which reduces the amount 
of silica getting bound to hematite particle surface. Thickness of silica shell prepared by 
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various Cross-PAOS samples varies between 2 to 5 nm. The most thick silica shell (5 nm) is 
formed after two coatings in case of the most hydrophilic CP-V15-PEG40 silica precursor. 
FTIR spectrum for silica-coated particles with immobilized vinyl group Fe2O3-
sp@SiO2-V is similar to Fe2O3-sp@SiO2 (Figure 4.1.9). The presence of asymmetric Si-O-Si 
vibration in the region between 1305 cm
-1
 and 1003 cm
-1
 and -Si-OH vibration at 931 cm
-1
 
show that the hematite surface was successfully modified with silica. A peak for C=C 
stretching was expected for Fe2O3-sp@SiO2-V at 1630 cm
-1
 but this overlaps with the peak 
provided by bending deformation of water and hence could not be confirmed by FTIR. 
 
 
Figure 4.1.9. IR spectra of pure hematite particles α-Fe2O3-sp (black), silica-coated hematite 
particles Fe2O3-sp@SiO2 with PEG-PEOS (red), and Fe2O3-sp@SiO2-V with Cross-PAOS 
(blue). 
 
XPS spectrum for Fe2O3-sp@SiO2-V has been shown in Figure 4.1.10 and it is very 
much similar to the one of Fe2O3-sp@SiO2. The presence of Si 2p signal in XPS spectrum 
revealed the successful silica coating. Higher Intensity of O 1s signal was observed which is 
due to the presence of silica shell. The Fe 2p signal was found to be supressed in comparison 
to pure hematite particles. On the other hand it was slightly higher in intensity compared to 
Fe2O3-sp@SiO2 prepared by using PEG-PEOS. This is probably because of thinner silica shell 
formed by various Cross-PAOS silica precursors in comparison to the one developed by PEG-
PEOS. 
Zeta potential measurements showed that all the samples have negative zeta potential 
after coating which points out the successful silica formation on hematite particle surface. For 
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example, the zeta potential value for pure Fe2O3-sp and hybrid Fe2O3-sp-CP-V20-PEG20-1 
was found to be +2.09 and -27.3 mV respectively. Further details on these measurements can 
be found elsewhere.
24,31 
 
 
Figure 4.1.10. XPS spectra of Fe2O3-sp@SiO2-V. 
 
4.1.2.3 Fe2O3-sp@SiO2-V nanoparticles as crosslinker for PNIPAM hydrogel formation 
To further investigate that the vinyl groups present on the particle surface are still 
active, Fe2O3-sp@SiO2-V nanoparticles were used as crosslinker for PNIPAM hydrogel 
formation initiated by TEMED/APS. In aqueous solution APS dissociates spontaneously into 
a persulfate radical which activates TEMED which in turn starts NIPAM polymerization. In 
the absence of a crosslinking agent NIPAM polymerizes to water soluble linear chains. The 
vinyl groups immobilized at the surface of Fe2O3-sp@SiO2-V nanoparticles act as 
crosslinking sites during polymerization and a water insoluble three dimensional PNIPAM 
hydrogel network is formed. 
The resulting PNIPAM hydrogel under air atmosphere can be seen in Figure 4.1.11. 
The hydrogel is red-brown in color similar to Fe2O3-sp@SiO2-V particles and has good shape 
stability. This clearly demonstrates the presence of active functional vinyl groups in silica 
layer which are accessible for crosslinking reaction. 
Further, a piece of hydrogel was put in water and monitored at different time intervals 
to check its swelling and dissolution behavior. Figure 4.1.12 shows the status of hydrogel kept 
in water at different time interval. It was found that the hydrogel is partially dissolved but the 
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major fraction remains stable even after 72 hours which clearly reveals the successful 
crosslinking. A control experiment was also performed in the absence of Fe2O3-sp@SiO2-V 
particles. The reference PNIPAM polymer prepared in this experiment dissolved immediately 
in water indicating the linear water soluble PNIPAM chains formation. 
 
 
Figure 4.1.11. PNIPAM hydrogel (in air) prepared by using Fe2O3-sp@SiO2-V particles as 
crosslinker. 
 
Figure 4.1.12. PNIPAM hydrogel (in water) at different time interval: 0h (a); 1h (b); 24h (c); 
72h (d). 
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4.1.3 Conclusions 
An easy and efficient water based method was developed for the preparation of 
functional and stable silica coated hematite particles. PEG-PEOS and various Cross-PAOS 
having different vinyl and PEG ratio were used as water soluble silica precursors. This 
approach allowed not only the silica shell formation but also the simultaneous immobilization 
of vinyl groups on particle surface by using pre-functionalized Cross-PAOS. In this way the 
use of any additive and organic solvent was also avoided which is in contrast to the classical 
method of silica coating. The reactivity of vinyl groups present on the surface of Fe2O3-
sp@SiO2-V particles was proved by using them as a crosslinker for PNIPAM hydrogel 
formation. 
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4.2. Microgel-based adaptive hybrid capsules with 
tunable shell permeability 
 
This chapter has been submitted in a modified form as a full article in G. Agrawal, A. 
Ülpenich, X. Zhu, M. Möller, A. Pich, Microgel-based adaptive hybrid capsules with tunable 
shell permeability, Chem. Mater. 2014, submitted. 
 
4.2.1 Introduction 
Nature presents numerous examples of encapsulation technology over a wide length 
scale e.g. protective shell around bacterial spores, plant seeds and eggs. In biological systems 
capsules provide protection for enzymes from denaturing solvents or shield bacteria from high 
temperatures,
1
 controlled release of an encapsulated active drug species in pharmaceutical 
applications,
2
 and improve the handling and delivery characteristics of potentially toxic 
materials such as pesticides and herbicides in agricultural applications.
3,4
 
Various techniques have been established for the fabrication of capsules with precise 
control on size, shell properties such as permeability, mechanical strength and 
biocompatibility.
5,6
 Capsules have been designed on the basis of micron-sized vesicles 
(polymerosomes) formed from polymer-coated electrodes in alternating electric field, by 
rehydration of lamellar polymer films, or by direct self-assembly in water.
7
 Alternative 
methods for microcapsule design include coating of the colloidal template with: a) a polymer 
shell by surface polymerization
8
 or b) alternating polyelectrolyte multilayers by electrostatic 
layer-by-layer deposition
9
 with subsequent dissolution of the colloidal core. Miniemulsion 
process has also been proved as a potential alternative for capsule fabrication.
10
 Droplets 
formed during the emulsification process are often used as templates for capsule shell 
formation by polymerization.
11 
The following dominating approaches have been used in 
emulsions to form hollow microcapsules: a) interfacial polycondensation/polyaddition of two 
monomers dissolved in incompatible phases in oil-in-water or water-in-oil emulsions
12
 b) 
polymerization induced phase separation
13
 and c) solvent extraction and evaporation.
14
 
Recently, microfluidics technique
15
 and copper free click chemistry at the interface
16
 have 
also been developed as powerful tools for the preparation of capsules with tailored properties. 
Increasing attention has been paid towards the development of particle-based capsules 
using Pickering emulsions as templates. The formation of these capsules is based on the 
interfacial activity of colloidal particles ranging from proteins
17
 to inorganic
18
, polymer
19
 and 
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hybrid particles
20
, which are then linked at the fluid interface. Silica is frequently used as one 
of the components of capsule wall to improve the mechanical properties. Wang et al. showed 
the fabrication of closed silica capsules by gluing SiO2 nanoparticles in water-in-oil (W/O) 
Pickering emulsions using polyethoxysiloxane.
6
 On the other hand Xin et al. have 
demonstrated the preparation of silica nanoparticles walled microcapsules using sol-gel 
approach extended to interface.
21
 Lysozyme catalyzed silica capsule formation has been 
recently described by Garakani et al.
22
 The formation of temperature responsive poly(N-
isopropyl acrylamide) (PNIPAM)/SiO2 composite microspheres
23 
and poly(N-isopropyl 
acrylamide)/poly(methyl methacrylate) (PNIPAM/PMMA)/SiO2 hybrid capsules
24
 via inverse 
Pickering emulsion have also been reported.
 
As shown in the above two examples, the use of responsive materials that undergo 
reversible transitions when stimulated by pH,
25
 temperature,
26
 light,
9a,27
 or ionic strength
28
 for 
the capsule design allows controlling different important properties such as shell swelling, 
permeability or degradation. Light sensitive Ferritin/PNIPAM/DMIAAm hybrid capsules
29 
and pH sensitive Fe(III)-TA capsules
30
 are some of the recent examples developed in this 
area. In the context of switchable capsules fabrication, stimuli-sensitive aqueous nano- and 
microgels are perfect candidates to be used as building blocks. Polymer nano- and microgels 
exhibit not only high chemical functionality
31
 but also surface-active properties
32
. Due to the 
fact that microgels are soft colloids, their ability to adsorb at the interfaces of emulsions is 
accompanied by the strong deformation effects and this behavior is completely different 
compared to rigid non-deformable particles.
33 
Recently, Dinsmore et al.
34
 have reported the preparation of temperature-sensitive 
capsules based on poly(N-isopropylacrylamide-co-acrylic acid) microgels interlinked by 
poly(butadiene-block-N-methyl 4-vinyl pyridinium iodide) in W/O inverse emulsion. Poly(N-
vinylcaprolactam) (PVCL) microgel based stimuli responsive capsules have been prepared in 
combination with a biodegradable polymer poly(4-hydroxybutyrate-co-4-hydroxyvalerate) by 
Pich et al.
35
 In this way the preparation of the microgel based capsules opens a new platform 
for the targeted design of sensitive architectures because of: a) easy microgel synthesis; b) 
stimuli responsive properties c) easy deposition of functional nanomaterial inside microgel 
network, d) providing the control over the capsule wall permeability and the opportunity of 
post modification, and e) encapsulation of hydrophobic materials using oil-in-water (O/W) 
emulsions. 
In this chapter the formation of microgel/SiO2 hybrid capsules using O/W emulsion 
method has been demonstrated. For this purpose PVCL microgels were functionalized 
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with -NH2 groups and hyperbranched polyethoxysiloxane (PEOS) was used as a silica 
precursor. Microgel particles stabilize the oil droplet to form Pickering emulsions and are 
subsequently fixed by the sol gel reaction of PEOS at the interface. The influences of various 
parameters such as microgel concentration, pH of aqueous phase, reaction time and 
temperature on capsule structure have been studied. The permeability of capsules has been 
analyzed by investigation of the release of hydrophobic dye Nile red and hydrophilic FITC-
Dextran. In addition, it is shown that obtained hybrid capsules can operate in both organic 
solvents and aqueous solutions due to the unique environmental adaptability of microgels 
integrated into the capsule wall. 
 
4.2.2 Results and discussion 
4.2.2.1 Formation of hybrid microgels 
It was shown in chapter 2.1, that the presence of catalytic basic amino groups inside 
microgels promotes controlled silica deposition. Figure 4.2.1 shows a selected example of 
pure PVCL/NH2 microgels and PVCL/NH2-SiO2 5% composite microgel particles. Therefore, 
PVCL/NH2 microgels were selected as building blocks for the synthesis of hybrid 
microgel/silica capsules. 
 
Figure 4.2.1.
 
TEM images of PVCL/NH2 microgel particles (a) and PVCL/NH2-SiO2 5% 
microgel particles (b). 
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4.2.2.2 Preparation of microgel/silica hybrid capsules 
Hybrid capsules were prepared by emulsification of PEOS-toluene mixture in aqueous 
microgel dispersion under ultrasonication for 15 minutes and stirring at room temperature 
(Scheme 4.2.1). During emulsification process microgel particles cover the PEOS-toluene 
droplets and prevent them from coalescence. The hydrolysis and condensation of PEOS at the 
 
 
Scheme 4.2.1. Schematic representation for the preparation of microgel/SiO2 hybrid capsules. 
 
oil/water interface leads to the formation of silica that eventually takes place inside microgels 
and in the voids between them resulting in the formation of the hybrid capsule wall. SEM 
image of the broken capsule in Figure 4.2.2 confirms that the capsules are hollow and the 
microgels are covering the outer surface of the capsules. The inner surface of the capsules is 
quite rough because of the presence of the silica aggregates formed by condensation of PEOS 
at high pH.
6
 This situation does not allow to determine if the microgels are passing through 
the silica shell completely and are in the direct contact of capsule cavity. The microgel 
particles are embedded in the capsule wall because they stabilize the oil droplet by acting as 
emulsifier and finally, get trapped inside the silica shell during PEOS conversion to silica at 
pH=11. It is known from the previous experiment that the -NH2 groups in the microgel 
promote the hydrolysis/condensation of PEOS and render the affinity towards SiO2. This 
leads probably to the formation of the capsule wall in which the silica network is going 
through the microgels (Figure 4.2.2c). However, there is no direct experimental evidence 
available at the moment proving this assumption. 
Figure 4.2.3 shows the IR spectra of PEOS, pure silica, microgels and dried composite 
capsules. A typical peak for PVCL-NH2 microgels can be observed at 1623 cm
-1
 which 
88 
corresponds to the C=O stretch in PVCL chains. The Si-O stretching gives a peak at around 
1104 cm
-1 
in the IR spectra of both PEOS and pure silica. The characteristic peak of C-H 
stretch in the region of 2900 cm
-1
 can be observed for both microgel and PEOS samples. IR 
spectrum of composite capsules clearly shows the peaks for C=O, Si-O and C-H which 
indicates that they consist of both microgel and silica. From the comparison of IR spectra for 
PEOS and composite capsules it can also be concluded that PEOS is fully converted to silica. 
 
Figure 4.2.2.
 
SEM images of broken microgel/SiO2 hybrid capsules (a); fractured part of the 
capsule wall (b); schematic representation of the capsule wall (c). 
 
 
Figure 4.2.3. FT-IR spectra of microgels, PEOS, pure silica and dried hybrid capsules. 
 
During capsule preparation the microgel concentration in water and PEOS 
concentration in toluene was varied to develop the capsules with different size and 
morphology. Figure 4.2.4 shows the SEM images of hybrid capsules formed with different 
microgel concentration. It was found that there is no stable capsule formation in the case of 
sample V-0.6 where the microgel concentration was very low (Figure 4.2.4a). As expected 
with the increasing microgel concentration in the aqueous phase, the size of the capsules 
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decreases while the amount of free particles increases (Figure 4.2.4b-e). The development of 
hybrid capsule wall can be seen in Figure 4.2.4f-i. In all cases capsule wall consists of both 
silica and microgels. It is clearly observable that the fraction of microgel particles 
incorporated inside the shell increases with increasing amount of microgels during 
emulsification. 
 
 
Figure 4.2.4.
 
SEM images of microgel/SiO2 hybrid capsules prepared by varying the microgel 
concentration: V-0.6 (a); V-1.7 (b); V-2.9 (c); V-4.0 (d) and V-5.1 (e). A closer look to 
illustrate the capsule wall morphology V-1.7 (f); V-2.9 (g); V-4.0 (h) and V-5.1 (i). 
 
Figure 4.2.5 demonstrates that the increasing microgel amount in aqueous medium 
decreases the size of the capsules. This is because of the capability of the microgels to reduce 
the surface tension at the interface and thus allowing the formation of smaller droplets, which 
ultimately gives the smaller capsules. Similar observations have also been reported in 
literature.
6,35 
The composite capsules were isolated by centrifugation, freeze-dried and 
investigated by TGA (Figure 4.2.6). It was found that all the samples show similar silica 
content around 90% (Table 4.2.1). This is possibly because of the low amounts of microgels 
used during sample preparation and error of TGA measurements. A control experiment was 
also performed by preparing the sample using only PEOS (without using microgels) and 
almost same results were obtained by TGA. This could be due to the non-hydrolyzed organic 
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groups of PEOS and silanol groups on the silica surface that were condensed further during 
heating. 
 
Figure 4.2.5. Effect of microgel amount in water on capsule size. 
 
Table 4.2.1. Silica content of hybrid capsules and hydrolyzed PEOS. 
Sample Theoretical SiO2 content 
(wt%) 
Experimental SiO2 content 
(wt%) 
V-0.6 99 89.3 
V-1.7 97 88.8 
V-2.9 95 86.4 
V-4.0 93 86.4 
V-5.1 91 87.9 
Hydrolyzed PEOS 100 88.5 
 
 
Figure 4.2.6. TGA thermographs of composite colloidosome samples prepared by using 
different microgel concentrations (a); a closer look to the final residual part (b). 
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When the amount of PEOS in toluene is decreased from 100µL to 50µL, then no 
stable capsules are formed. This is because the lower PEOS concentration is simply not 
enough to form a mechanically stable shell. On the other hand, at increased PEOS 
concentration the destructive effect of ethanol which is produced during 
hydrolysis/condensation of PEOS results into the emulsion breaks down. A control 
experiment was performed to prepare the capsules with unmodified microgels having no -NH2 
groups but no capsules were obtained (Figure 4.2.7). 
The successful formation of the capsules is not only sensitive to the emulsion 
composition but also to the external effects such as pH of the aqueous phase, reaction time, 
and shear force during the ultrasonication and reaction temperature. It was found that the 
emulsification method also influences the size of the capsules. When ultraturrax and high 
pressure homogenizer EmulsiFlex-C3 are used for emulsification then smaller capsules are 
formed but with a very high fraction of broken capsules. This is because of the high shear 
force applied by these methods (Figure 4.2.8). 
 
 
Figure 4.2.7. SEM image for capsule preparation using unmodified microgels. 
 
 
Figure 4.2.8. SEM images of hybrid capsules prepared by ultraturrax (a) and avestin 
homogenizer (b). 
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We believe that in present system the formation of stable capsules is mainly governed 
by two processes: 1) hydrolysis and condensation of PEOS (sol-gel process) and 2) 
stabilization of emulsion by microgels. Experimental results indicate that pH of the aqueous 
phase strongly influences the sol-gel process. SEM images in Figure 4.2.9 show the effect of 
pH over the capsule formation. In the region of pH 1-9 there is no capsule formation observed 
(Figure 4.2.9a). This is because in this pH area the conversion of PEOS lags behind the 
emulsion breaking. At pH 10 there occurs some capsule formation but along with quite much 
broken fraction (Figure 4.2.9b). Well structured microgel/SiO2 hybrid capsules shell is formed 
at pH 11 by the balanced combination of hydrolysis/condensation of PEOS (Figure 4.2.9c). At 
pH above 11 condensation dominates over hydrolysis and leads to the formation of silica 
aggregates (Figure 4.2.9d).  
 
 
Figure 4.2.9. Effect of pH on the formation of hybrid capsules V-5.1: pH 1 (a); pH 10 (b); pH 
11 (c) and pH 12 (d). 
 
4.2.2.3 Temperature sensitivity of microgel/silica hybrid capsules 
Attempts were made to study the temperature-sensitivity of the capsules, which should 
be provided by the microgels. It has been shown in the previous work that PVCL-based 
microgels exhibit a volume phase transition temperature (VPTT) around 33 °C in water.
37,38 
PVCL microgels are swollen at temperatures below VPTT and collapse upon heating above 
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VPTT. It was found that the hybrid capsules show almost negligible shrinkage upon heating 
(Figure 4.2.10a). This is because of the formation of inorganic silica skeleton in the capsule 
shell that prevents the size and shape change.  
 
 
Figure 4.2.10. Ratio of shrinkage (Rh
Meas
/ Rh
SW
) of V-5.1 capsules and pure microgels as a 
function of temperature. Rh
Meas
 =measured hydrodynamic radius and Rh
SW 
= hydrodynamic 
radius at maximum swelling at 25°C (a); DSC curves of PVCL/NH2 microgels, pure silica 
capsules and V-5.1 capsules (b). 
 
To investigate if the microgels inside the capsules are still deformable locally and can 
respond to the temperature changes, differential scanning calorimetry (DSC) measurements 
were performed. Freeze dried samples were analyzed by DSC and the thermograms for pure 
PVCL/NH2 microgels, pure silica capsules and hybrid capsules are shown in Figure 4.2.10b. 
The onset of the stepped change in the heat capacity at around 33°C in case of pure microgel 
sample corresponds to phase transition behavior. On the other hand, no change is observed in 
the case of pure silica capsules. The PVCL/NH2 microgels are thermo-sensitive with a 
reversible transition taking place at ∼33 °C, i.e. the particles shrink drastically upon heating 
above this temperature.
38
 It is believed that the volume-phase transition in such kind of 
microgels is the sum of following two parameters: a) destruction of hydrogen bonds and b) 
hydrophobic interactions between the polymer chains. In a PVCL network system, there is a 
hydrophilic/hydrophobic balance, which leads to significant swelling of the PVCL microgel 
in water at room temperature (below VPTT). The transition from hydrophilic (below VPTT) 
to hydrophobic (above VPTT) through heating is due to the breakage of hydrogen bonds with 
water and considerable increase in polymer-polymer interactions. At this stage, microgel 
particles collapse in volume and their size becomes smaller. In case of capsules a very small 
peak is observed around 47 °C which shows that the microgels can still undergo the volume 
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phase transition inside the capsule wall. However, the presence of silica nanoparticles inside 
microgels and rigid silica shell around microgels greatly hinders the dynamics of microgel 
polymer chains. Therefore, considerably higher temperature is required for the phase 
transition and the shift of VPTT to 47 °C can be observed in Figure 4.2.10b. Relatively very 
small intensity of peak in case of capsules can be attributed to very low amount of microgels 
used as compared to silica for the capsule formation. 
 
4.2.2.4 Uptake and release properties of hybrid capsules 
 
 
Figure 4.2.11. Fluorescence microscope image of Nile red loaded V-5.1 capsules (a); Nile red 
release profile given by absorbance as a function of time (b); UV-Vis spectra of Nile red 
released from V-5.1 capsules in toluene (c). 
 
The integration of responsive microgels in hybrid capsules provides the possibility of tuning 
the capsule wall permeability by acting as channels for the transport of various encapsulated 
materials. To exploit the potential of controlled shell permeability, investigations were made 
for the release of hydrophobic dye Nile red from the capsules. Figure 4.2.11a presents 
fluorescent capsules dispersed in water. The capsules loaded with dye were prepared by 
integration of Nile red into toluene phase during capsule synthesis. The strong fluorescence of 
the microgel-based capsules is due to the loaded dye. The release of Nile red from the 
capsules is visualized by UV-Vis measurements (Figure 4.2.11b). The periodic increase in 
absorbance is indication for the release of the Nile red from capsules into toluene (Figure 8c). 
It is clear from Figure 4.2.11b b that the pure silica capsules show almost no release of Nile 
red even after 30 minutes. Most of the dye stays inside capsules and only a small amount of 
released dye is probably due to the defects in capsule wall that may appear during the stirring 
or separation procedure.  
The experimental results presented in Figure 4.2.11 indicate that the permeability of 
the hybrid capsules in the organic solvent toluene is due to the microgels integrated into the 
capsule wall. Indeed, to explain this phenomenon one should consider behavior of the PVCL 
95 
nanogels in the organic solvents. The intramolecular mobility of the PVCL chains (the main 
component of nanogels) in water and different organic solvents was investigated by the 
method of polarised luminescence that allows measuring the relaxation time tw that reflects 
intramolecular mobility of the polymer chains.
40
 It was found that the relaxation times tw for 
PVCL in methanol (7.4 ns), chloroform (7.4 ns), toluene (7.3 ns) and DMF (2.8 ns) are much 
lower then the relaxation time in water (21 ns). Evidently in water the mobility of the PVCL 
chains is hindered due to the formation of the hydrogen bonds. However, in the case of the 
organic solvents mentioned above, no specific solvent-polymer interactions can be expected. 
It has also been reported that methanol, chloroform, DMF and toluene are good solvents for 
PVCL despite their different dipol moment and solubility parameter (Table 4.2.2).
41
 Based on 
this facts it was concluded that PVCL nanogels should exhibit no specific interactions with 
the solvent and remain in solvated state when hybrid capsules are immerced in toluene. This 
effect ensures diffusion of the Nile red through the capsule wall and release in the toluene 
phase. 
 
Table 4.2.2. Properties of different solvents. 
Solvent M, 
(g/mol) 
Boiling point, 
(°C) 
Density, 
(g/cm
3
) 
Dipol moment, 
(Debye) 
Solubility 
parameter 
Chloroform 119.4 61.2 1.470 1.15 19.0 
DMF 73.1 153.0 0.940 3.86 24.0 
Methanol 32 64.7 0.790 1.7 29.7 
Toluene 92 111 0.857 0.375 18.5 
 
 
Figure 4.2.12. Release profile of FITC-Dextran from V-5.1 capsules, measured by 
absorbance as a function of time at various temperatures. 
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To demonstrate the universal properties of capsules we also studied the release of 
water soluble FITC-labeled Dextran with average Mw= 70 000 g/mol from the hybrid capsules 
in aqueous phase. The release experiments were performed at different temperatures to 
explore the ability of the microgels to control the release process due to their temperature-
sensitivity. The slow release of the FITC-Dextran from the capsules into the aqueous phase at 
different temperatures as a function of time is shown in Figure 4.2.12. It is obvious that the 
release of FITC-Dextran is strongly temperature-dependent. At 25 °C the microgels integrated 
in the capsule walls are in a swollen state (see Figure 4.2.10) and this ensures the diffusion of 
FITC-Dextran from the capsules into aqueous phase. We believe that the faster release with 
the increasing temperature (Figure 4.2.12a) is the sum of following two parameters: a) faster 
diffusion at higher temperature and b) deformation of the microgels confined in the silica 
layer at temperatures above VPTT. Probably the shrinkage of microgels above the volume 
phase transition temperature as observed in DSC experiments provides bigger local channels 
through the wall for the release of Dextran. In contrast to the microgel/SiO2 hybrid capsules, 
we found that the pure silica capsules do not show any release of FITC-Dextran during the 
experiment period. Furthermore, the capsules were centrifuged after overnight soaking in 
FITC-Dextran solution, and the supernatant dextran solution was measured by UV-Vis to 
calculate the loading efficiency of different capsule systems. Figure 4.2.12b shows that the 
loading efficiency (including the contribution from surface adsorption) of V-5.1 capsules is 
70% which is quite high in comparison to pure SiO2 capsules which has 5% efficiency, 
supported by the fluorescence images. The results presented above indicate that hybrid 
capsules can operate in aqueous phase and the wall permeability can be tuned by the 
temperature. 
 
4.2.3 Conclusions 
In this chapter, the fabrication of adaptive hybrid capsules using PVCL based microgel 
via Pickering emulsion was described. Microgel particles stabilize the oil/water emulsion and 
are subsequently glued by the interfacial sol-gel reaction of a silica precursor-hyperbranched 
polyethoxysiloxane (PEOS). Based on the presented results it can be concluded that the use of 
responsive microgel for capsule preparation not only allows tuning the shell permeability for 
small molecules but also acting as channel for the transport of comparatively large molecules. 
In present study only one microgel type was used, however the variation of the microgel size 
and crosslinking degree are additional parameters that may influence strongly the diffusion of 
different molecules through the capsule wall. Therefore, it is believed that the incorporation 
of smart microgels into silica shell capsules opens a facile route to design capsules with 
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controlled size and wall permeability able to operate both in water and organic solvents. 
Additionally, use of microgels provides the opportunity of post-modification, introduction of 
various functional groups into capsule wall and controlled uptake/release of different 
substances. 
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4.3. Switchable wax@silica microcapsules  
 
4.3.1 Introduction 
In quest of developing more sophisticated stimuli sensitive capsules, an increasing 
attention has been paid to the encapsulation of phase change materials (PCM) which can 
respond to the external stimuli. The responsive behavior of PCM towards temperature has 
very often been employed for the development of solar thermal energy storage materials.
1,2
 
On the other hand, such capsules which can open and release at once when exposed to 
thermal stimulus can be useful in pharmaceutics, cosmetics and food industry.
3
 Another 
interesting application for these capsules can be the development of remove on demand dental 
cements. Dental cements are one of the most interesting class of adhesive agents which have 
been used for a variety of dental and orthodontic applications ranging from fixation of dental 
restorations, pulp protection to cavity lining and so on.
4-7
 Adhesive cements are normally used 
to permanently fix bridges, crowns and inlays. However, in the case of clinical 
complications
8,9
 (such as Caries) or ceramic chipping, a doctor has no other option but to 
remove the restoration by force which may lead to further problems like accidental extraction 
of complete tooth or the damage of crown or bridge. This hardly leaves any possibility of 
using the same restoration again and always a new restoration material must be prepared. 
Hence, there is a need of developing new dental cements which have the combination of 
permanent fixing and easy removal on demand.
10
 A promising solution could be the 
development of switchable dental cement by mixing encapsulated phase change materials 
such as wax in dental cement formulations, which can lose the mechanical strength upon 
heating above the phase transition temperature. 
Various organic microcapsules with encapsulated PCM have been reported in 
literature so far. For example, Mochane et al. developed paraffin wax@polystyrene capsules 
as possible phase change material in a polypropylene matrix.
1
 Polyaniline, acrylic based 
polymer and urea-formaldehyde polymer have also been used as shell material to encapsulate 
paraffin wax.
2,11,12
 However, inorganic encapsulation of PCM has not been extensively 
studied. PCM encapsulated silica microspheres were developed by Wang et al. by sol-gel 
method in O/W emulsion.
13
 On the other hand, it was also shown that the silica particles are 
able to stabilize the wax droplet in water via Pickering emulsion.
14,15
 Based on this sol-gel and 
Pickering emulsion approach thermostimulable wax@silica capsules with tunable release 
temperature have been reported by Destribats et al.
3
 This complicated multistep synthesis is 
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performed with the help of surfactants at extremely low pH and final wax@silica capsules 
ranging from 17 to 121 µm capsules are formed by TEOS hydrolysis/condensation on 
Pickering emulsion template stabilized by silica particles. This was further extended to the 
development of wax@water@silica and water@wax@silica capsules formation using the 
same synthesis process.
16,17 
To develop switchable wax@silica capsules of smaller size avoiding the harsh pH 
conditions, a simple and benign method based on the combination of O/W Pickering emulsion 
and sol-gel process is presented in this chapter. Here, hexadecyltrimethoxysilane (HDTMS) is 
used to partially hydrophobize the silica particles which in turn stabilize the oil droplet during 
emulsification according to the technique developed by Zhao et al.
18
 Hyperbranched 
polyethoxysiloxane (PEOS) polymer was already used by Zhao et al.
18
 as a silica precursor to 
glue the silica particles together by interfacial sol gel reaction. Due to the poor solubility of 
PEOS in wax, another silica precursor poly(diethoxysiloxane) (TEOS-40), which has much 
lower silica content (40%) and lower molecular weight, was selected to be used in this 
approach which has better solubility as compared to PEOS. Here, the influence of silica 
precursor concentration on capsule formation has been studied in detail. In addition, the 
permeability of capsule wall for controlled wax release has been analyzed. It is demonstrated 
that the synthetic process can be simplified and capsules with controlled size, morphology and 
encapsulated phase change materials can be prepared on large scale. Obtained switchable 
wax@silica capsules can be further used for developing remove on demand dental cement. 
 
4.3.2 Results and discussion 
4.3.2.1 Formation of silica nanoparticles and modification 
Modification degree of silica particles plays an important role for stabilizing O/W 
emulsion. Three different modifiers namely octyltrimethoxysilane (OTMS), 
octadecyltrimethoxysilane (ODTMS) and hexadecyltrimethoxysilane (HDTMS) were used to 
delicately tune the hydrophobicity of silica particles and to investigate its effect on capsule 
formation. Based on this study it was concluded that among all the modifications, the best 
stabilization of O/W interface was achieved by using silica particles modified with 50 µL of 
HDTMS. Neither the use of ODTMS or OTMS could form capsules. A delicate combination 
of hydrophilic-hydrophobic properties was provided by HDTMS. Therefore, HDTMS (50 µL) 
modification of silica particles was selected for the capsule preparation by using TEOS-40. To 
obtain stable Pickering emulsion it is crucial to have a certain amount of stabilizing particles 
which can self-assemble at the interface to form capsules with defined structure. Hence, the 
effect of varying amounts of silica nanoparticles on capsule formation was also investigated 
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by Zhao et al. and it was found that the use of 1.2 wt% silica particles in the aqueous medium 
results into the best capsule formation.
18
 Based on these results, it was decided to keep 0.12 g 
silica particles modified with 50 µL of HDTMS as constant for all the formulations with 
TEOS-40. Further details on this study can be found somewhere else.
18 
Figure 4.3.1a shows the FESEM image of silica particles modified with 50µL of 
HDTMS. The average diameter of these modified particles from FESEM is 60 nm. DLS 
measurements (Figure 4.3.1b) of the same sample show the average diameter of 140 nm 
which is twice of the size obtained from FESEM. This is because of hydration layer formation 
on particle surface in aqueous dispersion which results into increased size.
18
 It was found that 
upon modification with HDTMS the average particle size increases from 90 nm (unmodified 
particles) to 140 nm and size distribution becomes broad. No particle aggregation is observed 
and the results are in accordance to the literature.
18 
 
 
Figure 4.3.1. FESEM image (a) and radius distribution (b) of modified silica nanoparticles. 
 
4.3.2.2 Formation of wax@silica capsules 
Wax@silica capsules were prepared by using O/W Pickering emulsion approach in 
combination with sol-gel process. During ultrasonic emulsification, oil phase droplets 
consisting of wax and TEOS-40 acted as a template stabilized by silica particles. Sol-gel 
reaction of the silica precursor occured at the O/W interface gluing all the silica particles 
together and thus forming a solid silica shell which is capable of sustaining the whole capsule 
structure. 
The influence of TEOS-40 concentration was systematically investigated and the 
results are displayed in Figure 4.3.2. There was almost no capsule formation at lower TEOS-
40 concentration (0.1 and 0.2 g) (Figure 4.3.2a,b). This is because of very weak silica shell 
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Scheme 4.3.1.
 
Schematic representation for the preparation of wax@silica capsules. 
 
formation which ruptured easily as the amount of silica precursor was not enough to provide a 
thick and continuous silica layer. The situation improved when the amount of TEOS-40 was 
increased to 0.3 g as shown in Figure 4.3.2c of W@S-3. Several non-damaged capsules were 
observed here along with broken fractions indicating that the amount of TEOS-40 is still not 
enough and should be further increased. In case of W@S-4 sample prepared by using 0.4 g 
TEOS-40, perfect robust capsules without any broken shells were obtained and their surface 
was completely covered by silica particles (Figure 4.3.2d). Upon increment of silica precursor 
to 0.5 g (W@S-5 capsules) system became irregular and two different types of capsules were 
formed in the same sample (Figure 4.3.2e). Some of the capsules appeared to have thicker 
silica shell as silica particles were quite deeply buried into silica layer. Surface of these 
capsules was mostly covered with silica particles. On the other hand, second type of capsules 
showed only partial surface coverage. The emulsion became unstable when 0.6 g TEOS-40 
was used for capsule preparation in W@S-6. Here, large silica agglomerates were formed in 
which silica particles were embedded. Only very few irregular capsules could be seen (Figure 
4.3.2f). 
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Figure 4.3.2. FESEM images of capsules prepared by different TEOS-40 concentration: 
W@S-1 (a); W@S-2 (b); W@S-3 (c); W@S-4 (d); W@S-5 (e) and; W@S-6 (f). 
 
FT-IR measurements were performed for docosane wax, TEOS-40, partially modified 
silica particles and W@S-4 capsules (Figure 4.3.3) to get the information about chemical 
composition of capsules. By comparing the spectra of pure TEOS-40 and W@S-4 it is clear 
that the characteristic peaks of TEOS-40 between 1500 cm
-1
 and 500 cm
-1
 do not appear in the 
spectrum of the capsules, which means it has been completely converted to silica. The strong 
absorption peaks at 2849 cm
-1
 and 2916 cm
-1
 are related to the stretching vibration of –CH2 
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and –CH3 groups present in docosane wax. The peak at 1471 cm
-1
 corresponds to the bending 
vibration of –CH2 groups. Stretching of hydroxyl groups present on silica surface give a broad 
peak at 1471 cm
-1
. The presence of peaks corresponding to wax in the spectrum proves that 
drying process did not cause wax evaporation and it is successfully encapsulated in the 
capsules. 
 
 
Figure 4.3.3. FT-IR spectra of TEOS-40, pure docosane wax, HDTMS modified silica 
nanoparticles and W@S-4 capsules. 
 
 
Figure 4.3.4. FT-IR spectra of W@S-4 capsules at room temperature (RT) and after heating 
at 400 °C for 2h (a); FESEM image of W@S-4 capsules after heating at 400 °C for 2h (b). 
 
To confirm that the capsules have a robust shell wall and are not formed simply by 
adsorption of silica particles on the wax surface, FT-IR measurements were carried out on 
W@S-4 capsules both at room temperature and above the boiling point of wax. For this 
purpose the same sample was heated for 2h at 400 °C followed by FT-IR and FESEM 
measurements. The experimental results depicted in Figure 4.3.4a show the absence of 
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characteristic peaks of wax at 2849 cm
-1
 and 2916 cm
-1
 due to the complete wax removal by 
evaporation. Additionally, FESEM measurement of W@S-4 after 2h treatment at 400°C was 
performed (Figure 4.3.4b) and it was found that the sample is almost non-damaged which 
confirms the successful formation of robust nanoporous silica shell. 
Furthermore, the effect of phase change on W@S-4 capsules was investigated for 
consecutive four melting and cooling cycles. The obtained FESEM results indicated that there 
was almost no difference even after 4
th
 melting and cooling cycle (Figure 4.3.5) which 
reconfirms the formation of robust silica capsule wall. 
 
 
 
Figure 4.3.5. Consecutive four melting cycles for W@S-4 capsules at 25 and 60 °C (a); 
FESEM images of W@S-4 capsules after 1
st
 (b) and 4
th
 melting cycles (c). 
 
Above the Tm of encapsulated wax, the leaching out possibility through capsule wall 
was investigated by EDX mapping. For these measurements, the silicon wafer was first 
coated with gold before the sample preparation to reduce the background signal. Figure 4.3.6 
shows FESEM image and related elemental mapping images for W@S-4 capsules at room 
temperature. Elemental mapping corresponding to C present in wax and O, Si present in  
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Figure 4.3.6. FESEM image of W@S-4 capsules at room temperature (a); Respective EDX 
elemental mapping for carbon (red), oxygen (green) and silicon (purple) (b) – (d). 
 
 
Figure 4.3.7. FESEM image of W@S-4 capsules after heating at 60°C for 20 min (a); 
Respective EDX elemental mapping for carbon (red), oxygen (green) and silicon (purple) (b) 
– (d). 
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capsule wall was performed. It should be noted that small contribution to carbon also comes 
from silica particles modification with HDTMS. To check the effect of heating, the same 
sample was kept at 60°C for 20 minutes before the second measurement. FESEM and EDX 
results of W@S-4 capsules after thermal treatment are shown in Figure 4.3.7. The 
experimental results showed that there was very slight change in carbon intensity in the whole 
measurement area which could be because of the impurity adsorption from the atmosphere. 
This indicates that the capsule wall is strong enough to avoid the leaching out of encapsulated 
wax. 
DSC experiments were performed to analyse the effect of silica shell on phase 
transition behavior of encapsulated wax (Figure 4.3.8). For all the samples, heating and 
cooling cycles were measured for at least two times and both the cycles showed almost the 
same transition. By comparing the DSC curves for pure wax, W@S-4 and W@S-5 capsules, a 
clear difference in the melting behavior of encapsulated wax can be seen (Figure 4.3.8a). Pure 
docosane wax showed relatively sharp melting at 42-45 °C. On the other hand, the melting 
range of encapsulated wax is slightly broad because of encapsulation in a small volume. 
Similarly, the crystallization temperature range was also broadened in case of encapsulated 
wax as compared to pure wax (Figure 4.3.8b). 
 
 
Figure 4.3.8. DSC measurements of pure docosane wax, W@S-4 and W@S-5 capsules 
(heating cycle (a), cooling cycle (b)). 
 
To explore the shell permeability for controlled release applications, TGA 
measurements were performed for pure wax, W@S-4 and W@S-5 capsules. Figure 4.3.9 
shows the weight loss of samples under isothermal conditions. All the samples were kept at 
175 °C for two hours and evaporation of wax was investigated. Results show that capsule 
shell is permeable for the wax but almost double of the time is needed for wax evaporation 
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through capsule as compared to pure wax without any silica coating. It is well known that thin 
silica layer obtained by PEOS condensation is nanoporous and small molecules can escape 
through it.
18,19
 In case of wax@silica capsules this nanoporous layer is fully covered by silica 
particles and hence the permeation of encapsulated material is further slowed down as it can 
pass only through the interspace between the particles. Similar results have been reported by 
Zhao et al.
18
 The experimental residual mass corresponding to complete silica for W@S-4 
and W@S-5 is 44% and 47% respectively which is in accordance with the theoretical values 
of 32% and 35%. Slightly higher experimental values can be attributed to incomplete 
encapsulation of wax during synthesis step. 
 
 
Figure 4.3.9. TGA measurements of pure docosane wax, W@S-4 and W@S-5 capsules. 
 
In this way, the approach presented here opens a new pathway towards the 
encapsulation of phase change material for temperature induced controlled release 
applications. It provides the opportunity of not only tuning the release temperature by 
selecting an appropriate wax but also controlling the release profile based on the type and 
amount of the silica precursor used during the capsule preparation. Further, the mechanical 
properties of these capsules as a function of temperature should be investigated. As a next 
step the approach was extended to the use of microgels as stabilizers for oil droplets instead of 
silica particles to extend the area of application. However, the obtained results indicated that 
the microgel particles are not able to stabilize the oil phase and hence no capsules can be 
formed. 
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4.3.3 Conclusions 
In this chapter, silica capsules with wax as core have been prepared based on a 
combination of Pickering emulsion and sol-gel process. In this approach, partially 
hydrophobic silica particles stabilize O/W interface providing a stable Pickering emulsion. 
These particles are glued together by interfacial sol-gel reaction of polymeric silica precursor 
present in the oil phase to provide robust capsules. The effect of silica precursor amount on 
capsule formation has been systematically investigated. It is demonstrated that the release 
profile of encapsulated material can be controlled by tuning the shell permeability. The 
approach can be applied for encapsulating different phase change materials providing the 
possibility of adjusting the release temperature of these smart capsules. 
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5.1 Materials 
N-vinylcaprolactam (VCL) (98%, Aldrich), acetoacetoxyethyl methacrylate (AAEM) 
(95%, Aldrich), vinylimidazole (VIm) (99%, Aldrich) glycidylmethacrylate (GMA) (97% 
Aldrich) and acrylic acid (AAc) (99%, Aldrich) were purified by distillation under vacuum. 
Radical initiator 2,2’-azobis(2-methylpropyonamidine) dihydrochloride (AMPA) (97%, 
Aldrich), cross-linker N,N’-methylenebis(acrylamide) (BIS) (99%, Aldrich), acetic anhydride 
(98%, Merck), tetraethyl orthotitanate (95%, Merck), tetraethyl orthosilicate (TEOS) (99%, 
VWR International), poly(ethylene glycol) monomethyl ether (PEG) (average molecular 
weight 350, Fluka), NaOH (99%, KMF), aminoethanthiol (AET) (98%, Aldrich), radical 
initiator (2,2’-azobis[N-(2-carboxyethyl)-2-methylpropionamidine]) (ACMA, Wako Pure 
Chemical Industries, Ltd.), gold(III) chloride trihydrate (99%, Aldrich), uranyl acetate 
dihydrate (98%, Aldrich), vinyltriethoxysilane (VTEOS) (97%, Aldrich), FeCl3 Iron (III) 
chloride hexahydrate (99%; Merck), sodium dihydrogen phosphate monohydrate (99%; 
Merck), ammonia solution (25% aqueous solution; KMF), ammonium persulfate (APS) 
(>98%, Aldrich), N, N, N', N'-tetramethylethylenediamine (TEMED) (>99.5%, Aldrich), N-
isopropylacrylamide (NIPAM) (>98%, Aldrich), nile red (Aldrich), fluorescein 
isothiocyanate-dextran (FITC-Dextran) (average molecular weight 70000, FITC:Glucose= 
1:250, Aldrich), ethanol (99.9%, VWR), hexadecyltrimethoxysilane (HDTMS) (90%, 
ABCR), Octyltrimethoxysilane (OTMS) (97%, ABCR), Octadecyltrimethoxysilane 
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(ODTMS) (90%, ABCR), docosane (99%, Aldrich), octacosane (99%, Aldrich), hexadecane 
(≥98%, Aldrich) and poly(diethoxysiloxane) (Si=20.5-21.5%, ABCR) (TEOS-40) were used 
as received. 
 
5.2 Synthesis of functional modified polyethoxysiloxane  
Synthesis of hyperbranched polyethoxysiloxane (PEOS). 
PEOS was synthesized according to the procedure reported in literature
1,2
 with the ratio of 
TEOS to acetic anhydride as 1:1.05 (Scheme 5.1). TEOS (2 mol) was mixed with acetic 
anhydride (2.1 mol) and tetraethyl orthotitanate (0.006 mol) under nitrogen atmosphere. The 
mixture was heated to 135 °C in an oil bath under intensive stirring until the distillation of 
ethyl acetate stopped. The resulting product was dried in vacuum for 2 h. The volatile fraction 
was completely removed with a vacuum thin-film evaporator (type S 51/31; Normag; 
Germany) equipped with a rotary vane vacuum pump (model RZ-5; Vacubrand; Germany), 
magnetic coupling (Buddelberg; Germany) for the stirrer (model RZR 2020, Heidolph, 
Germany) operating at the highest level 10, and a heating device. The operating temperature 
was 150 °C, and the pressure was (1-2) × 10
-2
 mbar. A transparent, yellowish oily liquid was 
obtained. Elementary analysis of the product: C 33.0 %, H 7.0 %, Si 23 %. Degree of 
branching, 0.48; SiO2 content, 48.9%; Mn, 2150; and Mw/Mn, 1.9. 
 
Synthesis of poly(ethylene glycol) substituted hyperbranched polyethoxysiloxane (PEG-
PEOS) 
To the above mentioned PEOS product poly(ethylene glycol) monomethyl ether (PEG) (257 
mL, 0.79 mol) was added. The mixture was heated to 135 °C under intensive stirring until the 
distillation of ethanol stopped. The resulting product was dried in vacuum for 2 h and purified 
with a vacuum thin-film evaporator. The operating temperature was 150 °C, and the pressure 
was (1-2) × 10
-2
 mbar. A transparent, yellowish oily liquid was obtained. PEG/ethoxy ratio 
according 
1
H NMR was 0.313. Elementary analysis of the product: C 42.4 %, H 5.8 %, Si 
11.4 %. Degree of branching, 0.44; SiO2 content, 23%; Mn, 2900; and Mw/Mn, 1.8. 
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Scheme 5.1. One-pot synthesis of PEG-PEOS (R= poly(ethylene glycol) monomethyl ether). 
 
Synthesis of vinyl group containing polyalkoxysiloxane (vinyl-PAOS) 
Vinyl-PAOS was synthesized according to a modified literature procedure (Scheme 5.2).
1,2
 
TEOS was mixed with VTEOS, acetic anhydride and tetraethyl orthotitanate (0.3 mol% of 
TEOS amount) under nitrogen atmosphere in a 1 L three-neck round-bottom flask equipped 
with a mechanical stirrer and a 30 cm long refluxing column connected with a distillation 
bridge. The mixture was heated to 135 °C in a silicon oil bath under intensive stirring. The 
resulting ethyl acetate was continuously distilled off. The supply of heat was continued until 
the distillation of ethyl acetate stopped. Afterward, the product was cooled down to room 
temperature and dried in vacuum for 2 h. A yellowish oily liquid was obtained. 
Modification of vinyl-PAOS with poly(ethyleneglycol) monomethyl ether (Cross-PAOS) 
Different amount (20, 30 and 40 mol.-%) of end groups of vinyl-PAOS were modified with 
PEG350 (Scheme 5.2). Certain amount of PEG was added to vinyl-PAOS, and the mixture 
was heated to 135 °C in a silicon oil bath under intensive stirring until the distillation of 
ethanol stopped. The resulting product (Cross-PAOS) was dried in a vacuum for 2 h. The 
volatile fractions were completely removed with a vacuum thin-film evaporator. The amounts 
of reagents for different modifications are shown in Table 5.1. 
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Table 5.1. Amounts of reagents used for synthesis of Cross-PAOS products. 
Sample TEOS (mol) VTEOS (mol) Acetic anhydride 
(mol) 
PEG350 (mol) 
PEOS 1.00 - 1.05 - 
 (222 mL)  (105 mL)  
CP-V15-PEG20 0.69 
(153 mL) 
0.31 
(65 mL) 
1.02 
(97 mL) 
0.35 
(116 mL) 
CP-V20-PEG20 0.55 
(122 mL) 
0.45 
(95 mL) 
0.97 
(93 mL) 
0.32 
(103 mL) 
CP-V30-PEG20 0.30 
(67 mL) 
0.70 
(148 mL) 
0.90 
(86 mL) 
0.28 
(90 mL) 
CP-V15-PEG30 0.69 
(153 mL) 
0.31 
(65 mL) 
1.02 
(97 mL) 
0.54 
(174 mL) 
CP-V15-PEG40 0.69 
(153 mL) 
0.31 
(65 mL) 
1.02 
(97 mL) 
0.72 
(232 mL) 
 
 
Scheme 5.2. Synthesis of Cross-PAOS (reaction steps 1 and 2; X= poly(ethylene glycol) 
monomethyl ether, catalyst: Ti(OEt)4) and its incorporation into microgels (reaction step 3 
including sol-gel process of Cross-PAOS and polymerization of VCL). 
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5.3 Synthesis of functional microgels  
Synthesis of PVCL/AAEM/VIm microgels 
PVCL/AAEM/VIm microgels were prepared using an already published procedure.
3
 VCL 
(1.783 g), AAEM (0.321 g), VIm (0.071 g), and BIS (0.06 g) were dissolved in deionized 
water (145 g). A double-wall glass reactor equipped with a stirrer and a reflux condenser was 
purged with nitrogen. Solution of the monomers was placed into the reactor and stirred for 1 h 
at 70 °C under continuous purging with nitrogen. Afterward, 5 mL of aqueous solution of 
initiator was added under continuous stirring. Reaction was allowed to proceed for another 8 
h. PVCL/AAEM microgel was synthesized in the same way. Table 5.2 shows the amounts of 
ingredients used for microgel preparation. 
 
Synthesis of PVCL/NH2 microgels 
PVCL/NH2 microgels were synthesized using the literature procedure.
4
 VCL (1.54 g), GMA 
(0.11 g) and BIS (0.06 g) were dissolved in deionized water (165 mL) followed by the 
addition of AMPA initiator (25.5 mg in 5 mL deionized water) and the reaction was carried 
out in the same way as described for PVCL/AAEM/VIm. Afterward, AET (30.4 mg) was 
added to 1g microgels dispersed in 100 mL water and pH was adjusted to 11 with NaOH 
(Scheme 2.1.2 in chapter 2.1). After 24 hrs stirring the microgels were purified by dialysis 
until the pH was neutral. 
 
Table 5.2. Ingredients used for preparation of microgels 
Sample VCL, 
[g] 
AAEM, 
[g] 
VIm/GMA, 
[g] 
BIS, 
[g] 
AMPA, 
[g] 
Water, 
[mL] 
Solid 
content [%] 
PVCL/AAEM 1.877 0.338 - 0.06 0.05 150 1.2 
PVCL/AAEM/VIm 1.783 0.321 0.071 0.06 0.05 150 1.12 
PVCL/NH2 1.54 - 0.11 0.06 0.025 170 1 
 
Synthesis of PVCL/AAEM/AAc microgels (VAA-µgel) 
VAA-µgel was prepared using a precipitation polymerization method. The synthesis 
procedure is the same as described for PVCL/AAEM microgels
5,6
 except for the addition of 
an anionic initiator ACMA and an additional comonomer acrylic acid (AAc) into the reaction 
mixture. In order to obtain a microgel with core-shell structure in which acrylic acid resides 
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mostly in the shell the following synthetic procedure was followed. VCL (1.877 g), AAEM 
(0.338 g), SDS (0.02g) and BIS (0.06 g) were dissolved in deionized water (120 g). A double-
wall glass reactor equipped with a stirrer and a reflux condenser was purged with nitrogen. 
The monomer solution was added to the reactor and stirred for 1 h at 70 °C under continuous 
purging with nitrogen. Afterwards, 5 mL of aqueous solution of initiator was added under 
continuous stirring. This provides the initial core formation and due to the faster consumption 
of AAEM, this mostly resides in the core region of the final microgel structure.
7
 After 5 
minutes of the start of the reaction, 25 mL aqueous solution of AAc (0.08 g) was added 
dropwise to the reaction mixture after which the reaction was carried out for another 8h. The 
consecutive addition directs the acrylic acid to be located in the shell region of the microgel. 
PVCL/AAEM microgels (VA-µgels) which were used in chapter 2.2 for comparing with 
VAA-µgels were synthesized in the same way without the addition of AAc. The microgel 
dispersion was purified by dialysis (cellulose membrane, MWCO 100,000). Table 5.3 
summarizes the amount of reactants used for microgel preparation. 
 
Table 5.3. Amount of reactants used for microgel preparation. 
 
Synthesis of PVCL microgels using Cross-PAOS 
The synthesis of PVCL microgels using Cross-PAOS as crosslinker (step 3 in Scheme 5.2) 
was carried out using a procedure described in the literature.
3,8
 VCL and different amounts of 
Cross-PAOS were dissolved in deionized water (145 g). A double-wall glass reactor equipped 
with a stirrer and a reflux condenser was purged with nitrogen. Solution of the monomer and 
crosslinker was placed into the reactor and stirred for 1 h at 70 °C under continuous purging 
with nitrogen. Afterwards, 5 mL of aqueous solution of initiator AMPA was added under 
continuous stirring. Reaction was carried out for another 5 h. Then the particles were purified 
via dialysis. Microgel sample crosslinked with bisacrylamide (BIS) was synthesized by 
similar procedure described above. The amount of the BIS used was 0.06 g (3 mol%). Table 
5.4 shows the ingredients used for the synthesis of the microgels. The abbreviation of the 
Sample VCL, 
[g] 
AAEM, 
[mg] 
AAc, 
[mg] 
BIS, 
[mg] 
ACMA, 
[mg] 
Water, 
[mL] 
Solid cont. 
[%] 
VA-µgel 1.88 338 - 60 70 150 1.15 
VAA-µgel 1.88 338 80 60 70 150 1.1 
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microgel samples indicates the type of Cross-PAOS used for the microgel synthesis. For 
example, sample CP-V15-PEG20 was prepared with Cross-PAOS containing 15mol% vinyl 
bonds and 20 mol% PEG chains. 
 
Table 5.4. Ingredients used for the preparation of PVCL microgels 
Cross-PAOS VCL, (g) Cross-PAOS, 
(g) 
Cross-PAOS, 
(mol %) 
AMPA, 
(g) 
Water, 
(mL) 
SC (%) 
CP-V15-PEG20 2.215 
2.215 
2.215 
1.36 
2.71 
4 
5 
10 
15 
0.05 
0.05 
0.05 
150 
150 
150 
1.04 
1.1 
1.22 
CP-V20- PEG20 2.215 
2.215 
2.215 
0.85 
1.71 
2.56 
5 
10 
15 
0.05 
0.05 
0.05 
150 
150 
150 
1.16 
1.34 
1.27 
CP-V30- PEG20 2.215 
2.215 
2.215 
0.49 
0.98 
1.47 
5 
10 
15 
0.05 
0.05 
0.05 
150 
150 
150 
1.43 
1.28 
1.66 
CP-V15-PEG30 2.215 
2.215 
2.215 
1.85 
3.70 
5.55 
5 
10 
15 
0.05 
0.05 
0.05 
150 
150 
150 
1.24 
0.78 
1.04 
CP-V15-PEG40 2.215 
2.215 
2.215 
1.91 
3.81 
5.72 
5 
10 
15 
0.05 
0.05 
0.05 
150 
150 
150 
0.98 
0.78 
0.56 
*amounts in mol% shows the amount of double bonds from Cross-PAOS equivalent to the 
same from BIS with respect to monomer. SC – solid content. 
 
5.4 Synthesis of hybrid microgels 
Synthesis of PVCL/AAEM/VIm-SiO2 and PVCL/NH2-SiO2 composite microgels  
Desired amount of PEG-PEOS was added to 0.1 g of PVCL/AAEM/VIm microgel dispersed 
in 10 mL deionized water (scheme 2.1.1 in chapter 2.1). Table 5.5 summarizes the amounts of 
ingredients used for synthesis as well as SiO2 content in hybrid microgels. In case of 
PVCL/AAEM microgels additional 0.5 mL of 25 % ammonia was used. The samples were 
stirred at room temperature for 24 h, and then purified by dialysis in deionized water. 
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PVCL/NH2-SiO2 composite microgels were also prepared as described for 
PVCL/AAEM/VIm-SiO2 composite microgels (Table 5.6). 
 
Table 5.5. Ingredients used for the preparation of PVCL/AAEM/VIm-SiO2 composite 
microgels 
Sample Microgel, 
[g] 
Water, 
[mL] 
PEG-PEOS, 
[g] 
SiO2:Microgel, 
[wt/wt] 
MG-SiO2 5% 0.1 10 0.021 0.05:1 
MG-SiO2 10% 0.1 10 0.043 0.1:1 
MG-SiO2 15% 0.1 10 0.064 0.15:1 
MG-SiO2 20% 0.1 10 0.086 0.2:1 
 
Table 5.6. Ingredients used for the preparation of PVCL/NH2-SiO2 composite microgels 
Sample Microgel, 
[g] 
Water, 
[mL] 
PEG-PEOS, 
[g] 
SiO2:Microgel, 
[wt/wt] 
PVCL/NH2-SiO2 5% 0.1 10 0.021 0.05:1 
PVCL/NH2-SiO2 10% 0.1 10 0.043 0.1:1 
PVCL/NH2-SiO2 15% 0.1 10 0.064 0.15:1 
PVCL/NH2-SiO2 20% 0.1 10 0.086 0.2:1 
 
VAA-µgel/gold composite particles 
A certain amount of gold salt was added to 1mL aqueous dispersion of VAA-µgel. Table 5.7 
summarizes the composition used for the synthesis of the composite microgel structure as 
Table 5.7. Reaction composition used for preparation of VAA-µgel/gold hybrid microgels 
Sample Microgel, 
[mg] 
Water, 
[mL] 
HAuCl4, 
[mg] 
Au:Microgel, 
[wt/wt] 
VAA-0.01 10 1 0.1 0.01:1 
VAA-0.1 10 1 1 0.1:1 
VAA-0.5 10 1 5 0.5:1 
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well as the final gold content inside the microgels after purification. The samples were stirred 
at room temperature for 7 days and purified by dialysis (100,000Da MWCO) in deionized 
water. 
 
5.5 Preparation of functional silica coated hematite nanoparticles 
Synthesis of hematite (α-Fe2O3) nanoparticles 
Uniform hematite nanoparticles were synthesized by a precipitation method as reported in 
literature by Matijevic and co-workers (Scheme 4.1.1 in chapter 4.1).
9
 FeCl3 solution (0.02 
M) was mixed with NaH2PO4 (4.5*10
-4
 M) and refluxed at boiling point for next 48 hours and 
ellipsoidal particles (α-Fe2O3-el) were formed. If no NaH2PO4 was added then spherical (α-
Fe2O3-sp) particles were synthesized. The particles were purified by repeated centrifugation at 
12,900 rcf for 10 min. Detailed description for the synthetic procedure can be found 
elsewhere.
10 
 
Silica coating of α-Fe2O3 with PEG-PEOS 
Silica coated hematite particles were prepared by base catalyzed hydrolysis/condensation of 
PEG-PEOS (Scheme 4.1.1 in chapter 4.1). Coating was performed on both spherical (Fe2O3-
sp@SiO2) and ellipsoidal (Fe2O3-el@SiO2) particles. In a general procedure, 10 mL aqueous 
dispersion of 45 mg hematite particles was prepared and 1 mL of ammonia solution (25% 
aqueous solution) was added as a catalyst. Desired amounts of PEG-PEOS was added with a 
constant rate over 30 min by using a syringe pump. Afterwards, the reaction mixture was 
stirred for another three hours to complete the silica coating formation on hematite particles. 
Hematite@SiO2 core-shell particles were purified by three times repeated centrifugation at 
6,300 rpm for 10 min. The sediments were redispersed in de-ionized water by using an 
ultrasonic bath. To increase the shell thickness the whole coating procedure was repeated up 
to three times. Each coating step was followed by centrifugation and ultrasonication for three 
times to purify and redisperse the particles. 
Table 5.8 summarizes the amounts of ingredients used for silica coating of both 
spherical and ellipsoidal hematite particles by PEG-PEOS. The abbreviation of the samples 
name indicates the type of hematite particle used for coating. The amount of PEG-PEOS used 
is designated as PP. The number at the end of the abbreviation presents the number of coating 
step. For example, sample Fe2O3-sp-0.4PP-1 was prepared by coating spherical hematite 
particles using 0.4 mL of PEG-PEOS in the first coating step. 
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Table 5.8. Ingredients used for the preparation of hematite@ SiO2 core-shell particles using 
PEG-PEOS 
Sample α-Fe2O3, 
[mg] 
Water, 
[mL] 
PEG-PEOS, 
[mL] 
Fe2O3-sp-0.4PP-1 45 10 0.4 
Fe2O3-sp-0.4PP-2 45 10 0.4 
Fe2O3-sp-0.4PP-3 45 10 0.4 
Fe2O3-sp-0.6PP-1 45 10 0.6 
Fe2O3-sp-0.6PP-2 45 10 0.6 
Fe2O3-sp-0.6PP-3 45 10 0.6 
Fe2O3-sp-0.8PP-1 45 10 0.8 
Fe2O3-sp-0.8PP-2 45 10 0.8 
Fe2O3-sp-0.8PP-3 45 10 0.8 
Fe2O3-el-0.4PP-1 45 10 0.4 
Fe2O3-el-0.4PP-2 45 10 0.4 
Fe2O3-el-0.4PP-3 45 10 0.4 
Fe2O3-el-0.6PP-1 45 10 0.6 
Fe2O3-el-0.6PP-2 45 10 0.6 
Fe2O3-el-0.6PP-3 45 10 0.6 
Fe2O3-el-0.8PP-1 45 10 0.8 
Fe2O3-el-0.8PP-2 45 10 0.8 
Fe2O3-el-0.8PP-3 45 10 0.8 
 
Silica coating of α-Fe2O3 with Cross-PAOS 
Silica coated spherical hematite nanoparticles with additional functional vinyl groups 
immobilized on the surface (Fe2O3-sp@SiO2-V) were prepared by using the same basic 
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method as described above (Scheme 4.1.1 in chapter 4.1). In this case, desired amounts of 
various Cross-PAOS silica precursors with different vinyl and PEG functionalities were used 
for silica coating formation. Table 5.9 summarizes the amounts of ingredients used for silica 
coating of spherical hematite particles by Cross-PAOS. 
 
Table 5.9. Ingredients used for the preparation of Fe2O3-sp@SiO2-V core-shell particles using 
Cross-PAOS 
Sample α-Fe2O3, 
[mg] 
Water, 
[mL] 
Cross-PAOS, 
[mL] 
Fe2O3-sp-CP-V15-PEG20-1 45 10 0.6 
Fe2O3-sp-CP-V15-PEG20-2 45 10 0.6 
Fe2O3-sp-CP-V20-PEG20-1 45 10 0.6 
Fe2O3-sp-CP-V20-PEG20-2 45 10 0.6 
Fe2O3-sp-CP-V30-PEG20-1 45 10 0.6 
Fe2O3-sp-CP-V30-PEG20-2 45 10 0.6 
Fe2O3-sp-CP-V15-PEG30-1 45 10 0.6 
Fe2O3-sp-CP-V15-PEG30-2 45 10 0.6 
Fe2O3-sp-CP-V15-PEG40-1 45 10 0.6 
Fe2O3-sp-CP-V15-PEG40-2 45 10 0.6 
 
PNIPAM hydrogel formation using Fe2O3-sp@SiO2-V nanoparticles as crosslinker 
Stock solutions of APS and TEMED with desired concentrations were prepared. For this, 50 
mg APS and 50 µL of TEMED were dissolved in 1 mL water separately. 150 mg NIPAM 
monomer was added to 0.5 mL of Fe2O3-sp@SiO2-V nanoparticles dispersion. The mixture 
was stirred for 10 minutes at room temperature until the monomer is dissolved. Afterwards, 
10 µL of APS stock solution was added to the mixture followed by stirring for short time. 
Then 10 µL of TEMED stock solution was added and again the sample was stirred for some 
time. Afterwards, the sample was left without any movement for 24-48 h to allow the reaction 
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completion and the hydrogel is formed. Subsequently, a piece of this hydrogel is placed in 
water to observe the swelling and dissolution behavior. 
 
5.6 Capsules preparation 
Formation of PVCL/NH2 microgel/SiO2 hybrid capsules 
The process of the microgel-based capsules formation is shown in scheme 4.2.1 in chapter 
4.2. At first, a mixture of toluene and PEOS was prepared and added to the aqueous microgel 
dispersion adjusted to pH 11 by addition of NaOH. The microgel-stabilized O/W emulsion 
was prepared by ultrasonic emulsification for 15 minutes. The resulting emulsion was stirred 
at room temperature for 3 days. The capsules were isolated and purified by centrifugation. 
The toluene content (10% v/v) was constant in all experiments. The concentration of microgel 
in aqueous phase was varied from 0.6 mg/mL to 5 mg/mL (Table 5.10). The theoretical silica 
content of the capsules was calculated assuming the full conversion of PEOS and full incorporation of 
microgels. 
Pure silica capsules were prepared by performing the emulsification process at 45°C in the 
absence of microgels followed by stirring at room temperature for 3 days. 
 
Table 5.10. Components used for the preparation of microgel/SiO2 hybrid capsules at pH 11. 
Sample Microgel, 
[µL] 
Water, 
[µL] 
Toluene, 
[µL] 
PEOS, 
[µL] 
Microgel, 
[mg] 
Microgel:SiO2, 
[wt/wt] 
V-0.6 100 800 100 100 0.6 1:99 
V-1.7 300 600 100 100 1.7 3:97 
V-2.9 500 400 100 100 2.9 5:95 
V-4.0 700 200 100 100 4.0 7:93 
V-5.1 900 - 100 100 5.1 9:91 
 
Uptake and release tests of PVCL/NH2 microgel/SiO2 hybrid capsules 
To encapsulate Nile red inside the hybrid and pure silica capsules, dye was mixed into toluene during 
capsule synthesis. To check the release, dye loaded capsules were dried overnight and then were 
placed in toluene. The release process was followed by the change of absorbance in the solvent at 
wavelength 522 nm as a function of time. 
FITC-Dextran was loaded by soaking the dried capsules in aqueous FITC-Dextran solution 
overnight. During this time the aqueous solution of FITC-Dextran penetrated into the capsule interior. 
These capsules containing FITC-Dextran were then separated by centrifugation and washed three 
124 
times with water to remove excess of FITC-Dextran. The capsules were further examined by using 
UV-Vis. 
 
Preparation of partially hydrophobic silica nanoparticles 
Silica nanoparticles with tuned hydrophobicity were prepared according to the procedure 
developed by Zhao et al.
11
 TEOS (11.4 mL) and aqueous ammonia solution (17.1 mL) were 
thoroughly mixed in 342 mL of ethanol. The mixture was mildly stirred for next 24 h using 
magnetic stirring. Afterwards, to partially hydrophobize the silica nanoparticles 50 µL of 
HDTMS was added to the dispersion followed by gentle stirring for another 48 h. The 
particles were purified by using repeated centrifugation at 11000 rpm for 30 min and washing 
for at least three times with water. Particles were finally redispersed in water by strong 
shaking to get a homogeneous dispersion. 
 
Formation of silica capsules with encapsulated wax (wax@silica capsules) 
Wax@silica capsules were prepared as shown in scheme 4.3.1 in chapter 4.3.
11
 Certain 
amount of docosane wax was added to 10 g aqueous silica dispersion of desired 
concentration. The mixture was heated till 50°C in an oven to melt the wax. Afterwards, the 
desired amount of silica precursor was added followed by ultrasonic emulsification for 15 min 
(Branson Sonifier 450 cell disrupter, 3 mm microtip, 247 W output).  
 
Table 5.11. Ingredients used for preparation of capsules by using TEOS-40 as silica precursor 
Sample SiO2 
modification 
SiO2, [g] TEOS-40, [g] Wax, [g] 
W@S-1 C16, 50 µL 0.12 0.1 0.6 
W@S-2 C16, 50 µL 0.12 0.2 0.6 
W@S-3 C16, 50 µL 0.12 0.3 0.6 
W@S-4 C16, 50 µL 0.12 0.4 0.6 
W@S-5 C16, 50 µL 0.12 0.5 0.6 
W@S-6 C16, 50 µL 0.12 0.6 0.6 
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The obtained emulsion was gently stirred for three days at room temperature with 
simultaneous cooling under room conditions. The capsules were separated and purified by 
three repeated cycles of centrifugation and washing with water. Table 5.11 summarizes the 
amounts of ingredients used for capsule preparation by using TEOS-40. 
 
5.7 Characterization methods 
Dynamic light scattering (DLS) measurements were performed with a commercial 
laser light scattering spectrometer (ALV/DLS/SLS-5000) equipped with an ALV-5000/EPP 
multiple tau digital correlator and laser goniometry system ALV/ CGS-8F S/N 025 with a 
helium-neon laser (Uniphase 1145P,output power of 22 mW and wavelength of 632.8 nm) as 
a light source. Zeta potential measurements were performed on highly diluted dispersion of 
nanoparticles using a Zetasizer Nano ZS (Malvern Instruments). 0.1 M HCl and NaOH were 
used to adjust the pH. Measurements were done from pH 3 till pH 10 at 25 °C after an 
equilibration of at least 5 min. 
Transmission electron microscopy (TEM) was measured on Zeiss LibraTM 120 (Carl 
Zeiss, Oberkochen, Germany). The electron beam accelerating voltage was set at 120 kV. A 
drop of the sample was trickled on a piece of Formvar and carbon coated copper grid. Before 
being placed into the TEM specimen holder, the copper grid was air-dried under ambient 
conditions. The electron energy loss spectroscopy (EELS) data were recorded in the same 
machine using enegry filter mode. Sample preparation was the same as for TEM 
measurement. Spectrum was acquired in about 40 s, with an emission current of 10 µA 
passing through the probe. The vacuum of the microscope was 1 x 10
-7
 mbar. 
1
H NMR (400 MHz) spectra were recorded on a Bruker AV- 400 NMR spectrometer 
using tetramethylsilane as an internal standard. 
29
Si NMR spectra were obtained with a Bruker 
AV- 600 NMR spectrometer operating at 119.22 MHz in static conditions for liquid samples. 
For the 
29
Si NMR measurements CDCl3 containing 0.015 mol/L chromium(III) 
acetylacetonate (purum, Fluka) was used as the solvent. Using the paramagnetic relaxing 
agent the recycle delay was shortened to 10 s. The 
29
Si NMR spectra were recorded at room 
temperature with 2500 scans and a dwell time of 10 μs. The spectra were corrected for the 
background signal from the probe by numerical subtraction. Solid state 
29
Si NMR spectrum 
was obtained with Bruker AV- 700 NMR spectrometer operating under magic- angle sample 
spinning at 
29
Si frequency of 139.10 MHz and 
1
H frequency of 700.23 MHz. The spectrum 
was recorded with 
1
H decoupling high power using Spinal 64 pulse sequence. Spectrum was 
recorded at room temperature with 4096 scans and a dwell time of 10 μs. 
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Thermogravimetric analysis (TGA) measurement was performed using a Netzsch TG 
209c unit operating under nitrogen atmosphere. 20–30 mg of samples were placed in standard 
Netzsch alumina 85 μL crucibles and heated at 10 K/min to 600 °C. Before each measurement 
baseline correction was performed with an empty crucible. Microgel/gold composites were 
analyzed under oxygen atmosphere. For release experiments of wax@silica capsules under 
isothermal condition, 5-10 mg of the sample was measured under nitrogen atmosphere with a 
flow rate of 10 mL/min. 
The volume phase transition temperature (VPTT) of microgels was determined using a 
differential scanning calorimeter (DSC Netzsch 204 phoenix instrument). All the samples 
were freeze dried and were placed in a hermetic sample pan. The desired amount of D2O was 
added to the pan and then it was sealed. Thermal analyses were performed on these samples 
from 20 to 60 °C at a heating rate of 3 K/min under nitrogen atmosphere (flow rate of 30 
mL/min). For the measurements of wax@silica capsules 6-10 mg of the sample was put into a 
sealed pan with perforated lid. The experiments were performed between -10 and 100°C 
under nitrogen atmosphere with heating/cooling rate of 10K/min. 
Silicon wafers with size of 1 cm
2
 were used as substrates for film formation. They 
were cleaned by CO2-snow jet cleaning  for 2 minutes, and then exposed to air plasma for 30 
sec at 0,2 mbar (Plasma Activate Flecto 10 USB). Different microgel sample solutions were 
spin-coated (WS-650SZ GNPP/lite, Laurell Technology Corp.) on freshly cleaned silicon 
wafers at speed of 3000 rpm for 1 min. The topography images of the microgel particles were 
investigated by using the tapping model AFM (Veeco Dimension ICON with OTESPA tips 
(278-357 kHz, 12-103 N/m) in ambient condition. All the pictures were analyzed by using 
Digital Instruments software (NanoScope, version 8.10 R1.60476).  
Size-exclusion chromatography (SEC) analyses were conducted with a high pressure 
liquid chromatography pump (PU- 2080 Plus, Jasco) and an evaporative light scattering 
detector (PL-ELS-1000, Polymer laboratories). The eluting solvent was chloroform (for 
HPLC, Roth). The flow rate was 1 mL/min. The sample concentration was around 4 mg/mL. 
The setup consisted of four MZ-SD Plus gel columns with the nominal pore sizes of 50, 100, 
1000, and 10,000 Å. Calibration with polystyrene standards was used to estimate the 
molecular weight.  
Elemental analysis of carbon and hydrogen was performed using a Carlo Erba MOD 
1106 instrument. Silicon content was measured by gravimetric analysis. PEG-PEOS was 
hydrolysed by a mixture of ethanol and ammonia solution (25 %) (volume ratio 1:1). Samples 
of ca. 0.5 g were weighed, and hydrolysed by 1 mL of the above mixture. The resulting 
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mixture was exposed to the air overnight and then dried in an oven at 80 °C for 45 min. The 
remaining solid was calcinated at 800 °C for 30 min to yield pure SiO2. 
The incorporation efficiency of acrylic acid inside the microgels was determined by 
pH titration. 100 mg of microgel was dispersed in 40 mL of water and excess of 0.1M HCl 
was added to it until the pH was approximately 3. After the equilibrium time of 30 min, the 
microgel sample was titrated with 0.1M NaOH at 25°C using a Metrohm autotitrator. 
UV-Vis spectra were recorded using a UV/Vis spectrometer (Perkin Elmer, Lambda 35). 
Controlled dye release experiments from microgel/silica hybrid capsules were performed 
using Genesys 10S Thermo Fischer Scientific USA. A high intensity Xe flash lamp was used 
as the source for UV light.  
For chemical composition analysis, microgels were characterized using X-ray 
photoelectron spectroscopy (XPS) (Axis HSi 165 Ultra) with a focused monochromatic Al Kα 
source (1486.6 eV) for excitation. The electron take-off angle was 45° and the analyzer was 
operated in constant energy mode. High-resolution elemental scans were carried out using 
analyzer pass energy of 10.0 eV. Data analysis was carried out using Vision software 
provided by the manufacturer. 
Fourier transform infrared (FT-IR) spectra were recorded on a Thermo Nicolet 470 
FT-IR spectrometer with spectral resolution of 4 cm
-1
. Freeze dried microgel sample was 
mixed with KBr powder and then pressed to form transparent KBr pellet. The spectra were 
analyzed by using Omnic 6.1a software. 
Field emission scanning electron microscopy (FESEM) measurements were performed 
on a Hitachi S-4800 UHR FESEM instrument. Samples were coated with a thin gold layer 
when required. To measure the average capsule size 50 capsules were measured for every 
sample. FESEM combined with energy dispersive X-ray spectroscopy (EDX) analyses were 
done using a Hitachi SU9000 electron microscope at a beam voltage of 30 kV. The EDX 
maps were recorded with acquisition times ≥ 30 min. For FESEM/EDX observations capsules 
were dispersed in distilled water. A drop of this dispersion was placed on a silicon wafer 
coated with gold and dried in air. 
Keyence Biozero 8100 E microscope equipped with a mercury light source was used 
for fluorescent imaging. 
EmulsiFlex-C3 (Avestin Europe GmbH) was used for high pressure homogenization. 
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6. Summary and outlook 
 
In this work a series of new microgel/silica hybrid colloids have been developed by 
combining aqueous microgels based on poly(N-vinylcaprolactam) (PVCL) and silica 
precursor polymers – hyperbranched polyethoxysiloxane (PEOS) derivatives. PEOS prepared 
via polycondensation of tetraethoxysilane was modified with polyethylene glycol (PEG) via 
transesterification to render water solubility, yielding so called PEG-PEOS. Further, vinyl 
groups were introduced into the chemical structure of PEOS by means of co-condensation of 
tetraethoxysilane with vinyltrimethoxysilane. After transesterification with PEG, 
polyvinylalkoxysiloxanes (Cross-PAOS), which were water soluble radical crosslinkers, were 
obtained. On the other hand, new acrylic acid functionalized PVCL based microgels have 
been prepared which show pH responsive behavior. Degradable PVCL microgels with tunable 
size, thermosensitivity and pH labile crosslinks have also been developed via precipitation 
polymerization. These newly developed microgels and PEOS derivatives have been further 
used for manufacturing interesting composite colloids as described below. 
First, PVCL/AAEM/VIm and PVCL/NH2 microgels have been used as autocatalytic 
template to prepare microgel/silica hybrid colloids by simultaneous PEG-PEOS conversion 
and silica deposition in the microgels. Inspired from nature, the composite colloids were 
successfully formed in aqueous medium under mild conditions i.e. room temperature and 
neutral pH. It was found that the presence of imidazole or amine groups in the microgels is 
crucial for the catalytic conversion of PEG-PEOS to silica and its controlled deposition inside 
the microgel network. TEM studies showed that silica particles ( 10 nm ) are located in the 
shell of the microgels due to strong acid-base interaction between the acidic silica and basic 
imidazole or amine groups. The resulting composite particles were found to be colloidally 
stable with increased rigidity and reduced thermal sensitivity due to the incorporation of silica 
nanoparticles. As a next step, the autocatalytic approach was extended for the site specific 
fabrication of gold nanoparticles. It was found that not only a functionality with reducing 
properties is needed but also those with coordinating capabilities in order to facilitate 
structure formation. Obtained microgel/gold hybrid colloids were catalytically active and the 
conversion of 4-NP to 4-AP could be tuned by varying the amount of gold loading inside the 
microgels. It was found that the catalytic activity is retained even after their isolation and re-
use for consecutive four cycles. The formation of gold under mild aqueous conditions without 
any additional reducing agents and its site specific deposition inside the microgel network 
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shows the potential of using microgels as reactive nanocontainers. Unexpected reactivity 
solely by combining specific molecular functionalities offers a new range of catalysts for 
semi-homogenous catalysis. The approach can be further extended for other metals like Pd 
and Pt, for developing interesting catalysts for other important reactions e.g. cross-coupling- 
and hydrogenation reactions respectively. The developed composite colloids also show great 
potential in the area of porous thin films. In future, this can be achieved by depositing the 
dispersion of pure/composite microgels and PEOS on a substrate either by dip coating or 
casting followed by hydrolysis or calcination or plasma treatment (Figure 6.1). In case of Au, 
Pd or Pt loaded microgels, porous thin films having catalytically active nanoparticles 
embedded in silica matrix can be formed. 
 
 
Figure 6.1. Schematic representation of porous thin films preparation using composite 
microgels as a template. 
 
Furthermore, microgel/silica Janus particles having different chemical composition 
can also be prepared. This can be achieved by the alignment of VIm or NH2 functionalized 
microgel particles on wrinkled surface followed by addition of PEG-PEOS (Figure 6.2).  
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Figure 6.2. Schematic representation of microgel/silica Janus particles preparation using 
wrinkled template. 
 
Secondly, Cross-PAOS have been used as crosslinker for the fabrication of PVCL 
microgels via precipitation polymerization. Successful crosslinking i.e. Cross-PAOS 
incorporation in microgels was confirmed by FT-IR, XPS, AFM and element analysis. It was 
proved that the size and thermosensitivity of the microgels can be tuned depending upon the 
ratio of vinyl and PEG groups in Cross-PAOS. Additionally, experimental results showed that 
the use of Cross-PAOS as crosslinker for microgel preparation provides crosslinking sites 
which can be degraded under alkaline conditions. In future, it will be interesting to achieve 
degradation at lower pH. A possible way is using enzymes such as silicase to accelerate 
degradation at mild conditions.
 
Next, an easy and efficient water based method was developed for the preparation of 
functional and stable silica coated hematite particles. PEG-PEOS and various Cross-PAOS 
having different vinyl and PEG ratio were used as water soluble silica precursors. This 
approach allowed not only the silica shell formation but also the simultaneous immobilization 
of vinyl groups on particle surface by using pre-functionalized Cross-PAOS. In this way the 
use of any additive and organic solvent was also avoided which is in contrast to the classical 
method of silica coating. The reactivity of vinyl groups present on the surface of Fe2O3-
sp@SiO2-V particles was proved by using them as a crosslinker for PNIPAM hydrogel 
formation. As a next step, similar coating procedure can also be performed on Fe3O4 particles 
to develop silica coated magnetic nanoparticles.  
Furthermore, adaptive hybrid capsules using PVCL based microgel have been 
fabricated via Pickering emulsion. Microgel particles stabilized the oil/water emulsion and 
were subsequently fixed together by the interfacial sol-gel reaction of PEOS. Experimental 
results indicated that the use of microgels allows tuning the size, morphology and shell 
permeability of capsules. It was found that the responsive microgels act as transport channel 
132 
not only for the small molecules but also for comparatively larger molecules. The obtained 
capsules were able to operate both in water and organic solvents. In future, the diffusion of 
different encapsulated substances can be further adjusted by varying microgel type, size and 
crosslinking degree. Additionally, the ease of post-modification of microgels provides the 
opportunity of introducing various functional groups into capsule wall for controlled 
uptake/release applications. Furthermore, the challenge of good dispersion of the capsules 
while designing useful composites can also be solved by incorporating functional groups on 
the surface of the fillers. Another interesting extension of this research will be to introduce 
degradability in the capsule system, for example by using microgels prepared with degradable 
disulfide crosslinker. 
Additionally, silica capsules with wax as core have been prepared based on a 
combination of Pickering emulsion and sol-gel process. The effect of silica precursor amount 
on capsule formation and the release profile of encapsulated material were systematically 
investigated. Next, the mechanical properties of the capsule wall should be investigated as a 
function of temperature (below and above the melting point of encapsulated wax). Capsule 
morphology should also be studied before and after load implementation. This research can be 
further extended by synthesis of capsules with variable shell thickness and different 
encapsulated phase change materials. This will provide the opportunity of not only tuning the 
release temperature by selecting an appropriate wax but also controlling the release profile 
based on capsule wall thickness. Obtained switchable wax@silica capsules can be further 
envisioned as switchable filler for developing remove on demand dental cement. It is 
expected that the cement will be destabilized by local heating of the dental cement over the 
phase transition temperature of wax and the restoration can be removed without any damage 
on demand. 
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Glossary 
 
Chemicals & polymers 
AAc Acrylic acid 
AAEM Acetoacetoxyethyl methacrylate 
ACMA 2,2’-azobis[N-(2-carboxyethyl)-2-methylpropionamidine] 
AET aminoethanthiol 
AMPA 2,2’-azobis(2-methylpropyonamidine) dihydrochloride 
APS Ammonium persulfate 
BIS N,N’-methylenebis(acrylamide) 
FeCl3 Iron (III) chloride  
FITC-Dextran Fluorescein isothiocyanate-dextran 
GMA Glycidylmethacrylate 
HAuCl4.3H2O Gold(III) chloride trihydrate 
HDTMS Hexadecyltrimethoxysilane 
NaOH Sodium hydroxide 
NIPAM N-isopropylacrylamide 
ODTMS Octadecyltrimethoxysilane 
OTMS Octyltrimethoxysilane 
PEG Poly(ethylene glycol) monomethyl ether 
PEOS Poly(ethoxysiloxane) 
PNIPAM Poly(N-isopropylacrylamide) 
PVCL Poly(N-vinylcaprolactam) 
TEOS Tetraethyl orthosilicate 
TEOS-40 Poly(diethoxysiloxane) 
TEMED N, N, N', N'-tetramethylethylenediamine 
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VIm Vinylimidazole 
VTEOS Vinyltriethoxysilane 
 
Acronyms 
AFM Atomic Force Microscopy 
DLS Dynamic Light Scattering 
EELS Electron Energy Loss Spectroscopy 
FESEM Field Emission Scanning Electron Microscopy 
FT-IR Fourier Transform Infrared Spectroscopy 
NMR Nuclear Magnetic Resonance Spectroscopy 
NP Nanoparticle 
PDI Polydispersity Index 
TEM Transmission Electron Microscopy 
TGA Thermogravimetric Analysis 
VPTT Volume Phase Transition Temperature 
XPS X-ray Photoelectron Spectroscopy 
 
Symbols, units & abbreviations 
a.u. Arbitrary unit 
°C Centigrade 
et al. Et alia 
eV Electron volts 
i. e. Id est 
g Gram 
M Molar 
min Minute 
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mol Mole 
-OEt Ethoxy group 
rpm revolutions per minute 
vol volume  
vol % volume percent  
wt weight 
wt %  weight percent 
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